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Abstract 
Ribosomal proteins PO, P1 and P2 are constituents of the lateral stalk of the 
60S ribosomal subunit of eukaryotes. The ribosomal proteins constitute the 
stalk structure by forming a pentameric P-protein complex P0(P1/P2)2 and 
bind to the 28S r R N A of the ribosome. However, the exact spatial 
arrangement of the three constituents in the pentameric complex w a s 
remaining unsolved. Recent reports suggested the presence of P1/P2 
complex binding sites on PO. In line with various evidence about the existence 
of P1/P2, it is believed that P1/P2 complex, instead of individual homo-dimers, 
should be the building block of the P-protein complex. To further resolve the 
constitution of the P-protein complex, it is interested to know h o w P1/P2 is 
anchored to PO. The current discrepancy is whether P1 and P2 would interact 
in a manner of 1:1 or 2:2 w h e n bound to PO. The former ratio favors P1/P2 
hetero-dimer to bind to two separate binding sites on PO while the latter 
suggest P1/P2 to form a larger entity and binds to a single site. Further, the 
N-terminal domain (NTD) of P1 and P2 are known to be indispensable in the 
dimerization of P-proteins and is the main focus of our study. 
In order to study the overall picture of the spatial arrangement within the 
P-protein complex, efforts were m a d e to define the minimal N T D s of P1 and 
P2 responsible for the dimerization. P1 and P2 N T D s were developed by 
C-terminal truncation according to secondary structure predictions and N M R 
information. P1/P2 N T D complexes yielded subsequently were examined by 
ii 
gel electrophoresis and static light scattering technology. P1/P2 is found to be 
composed by one P1 and one P2 molecule and P1AC40/P2AC46 is the 
smallest N T D complex that resembles the native stochiometry of P1/P2 
hetero-dimer. In addition, the minimal domain boundary of P2 should lie 
between the first 60 to 69 residues from its N-terminal. 
N M R studies on the structural changes upon complex formation revealed 
the i5N-labeled P2 N T D w a s perturbed upon the binding of P1. Last but not 
least, the binding affinity between P1 and P2 quantified by surface plasmon 
resonance w a s about 20|JM. The P1/P2 hetero-dimer w a s also found to be 
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1.1 What are acidic ribosomal proteins? 
The ribosomal stalk is a distinct lateral protuberance on the large ribosomal 
subunit, which shows structural resemblance from prokaryotic to eukaryotic 
organisms. It plays roles in the regulation of protein synthesis and G T P 
hydrolysis in the GTPase-associated center of the ribosome (Wahl and Moller 
2002, Gonzalo and Reboud 2003). 
In higher eukaryotes, the ribosomal stalk is composed of three types of 
small ribosomal proteins, which are collectively known as acidic ribosomal 
proteins owning to their acidic isoelectric points. In addition, these proteins 
are also known as ribosomal phosphoproteins as they are readily 
phosphorylated by several protein kinases such as CKII (Hasler et a/. 1991) 
and PK60 (Pilecki et a/. 1992). The phosphorylation of P-protein w a s shown to 
have regulatory effect on its interaction towards elongation factor 2，indicating 
that it m a y modulate the protein translation process (Vard et al. 1997， 
Zambrano et al. 1997). Besides, the phosphorylation on the N-terminal region 
of P1 w a s reported to mediate its degradation, and the formation of P1/P2 
complex could prevent such degradation (Nussapumer et al. 2000). 
The acidic ribosomal proteins, namely PO, P1 and P2, constitute the stalk 
structure by forming a pentameric P-protein complex P0(P1/P2)2 and bind to 
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the 28S rRNA of the ribosome (Tchorzewski 2002). The number of P-protein 
components varies with organisms, higher eukaryotes have only one protein 
of each component, while two or even more in some lower eukaryotes and 
plants (Ballesta and Remacha 1996). In prokaryotes, the acidic protein L12 
and its N-terminally acetylated variant L7 are homologues of eukaryotic P1 
and P2. The stalk complex known as L8 is formed by anchoring four to six 
acid proteins L7 or L12, to L10, the homologue of PO (Hag et a/.2005). P1 and 
P2 are divided into two subtypes in lower eukaryotes such as yeast, and the 
two dimers, P1a/P2p and Pip/P2a, are anchored to PO to yield a pentameric 
P-protein complex P0(P1a/P2p)(P1p/P2a) (Lalioti et al. 2002). Besides, an 
additional ribosomal component known as P3 was reported in plants (Szick, 
et al. 1998). 
Within the lateral stalk, on one hand, PO binds directly to the eukaryotic 28S 
rRNA via its N-terminal R N A binding domain and is essential to cell viability 
(Santos and Ballesta 1994). O n the other hand, it was suggested that PO has 
two binding sites at its C-terminal for protein dinners composed of P1 and P2 
(Hagiya et al. 2005, Krokowski et al. 2006). In vitro reconstitution of yeast 
stalk structure using recombinant P1/P2 proteins and PO deletion mutants 
illustrated that the reduction of the PO C-terminal by 70 to 80 residues would 
weaken the interaction with P1/P2 complexes. Further, the in vivo model 
showed two separate regions of PO were indispensable for interacting with 
P1/P2 complexes. 
The recruitment of P1 and P2 stimulates its binding to rRNA and the overall 
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P-protein complex w a s shown to interact strongly to 28S rRNA subunit 
(Uchiumi et al. 1999). Its carboxyl distal end is conserved among P-proteins 
and is the most essential component in protein synthesis when compared with 
similar region in P1 and P2 (Santos and Ballesta 1995). The importance of the 
C-terminal region of PO to cell viability was demonstrated by using truncation 
studies. The deletion of 21 amino acid residues from its C-terminal was lethal 
in yeast strain with P-protein, suggesting that the carboxyl region of 
P-proteins is responsible for the binding with elements that are crucial for 
protein synthesis and cell viability. 
Unlike the prokaryotic counterparts, acidic ribosomal proteins P1 and P2 
are expressed from different genes. The current understanding to the 
expression pattern of P-proteins is limited, it is reported that the transcription 
of P-proteins would respond to hormonal stimulus. Experimental data showed 
the thyroid stimulating hormone, thyrotropin, promoted the transcriptional 
activity of PO m R N A and increased the P2 m R N A level as well. Thus, it is 
suggested the hormonal stimulus can increase the amount of acidic ribosomal 
P-proteins by increasing the level of P-protein gene transcripts and in return 
affect the downstream protein synthesis (Ikeda et al. 1991). 
Despite the P-proteins are originated from different genes, they share three 
c o m m o n structural characteristics. Firstly, both proteins bear an N-terminal 
domain (NTD) which is mainly consist of a-helices (Tchorzewski et al. 2003a, 
Grela et al. 2007a) and the recently solved structure of P2 N T D confirmed the 
presence of the four helices (Lee, unpublished data). The N T D s are 
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indispensable in the dimerization of P-proteins and is the main focus of our 
study (Gonzalo et al. 2001, Grela et al. 2007a, N a g a n u m a et al. 2007). Next, 
the N T D is followed by a flexible hinge region, where a high content of alanine, 
glycine and proline is found. The remaining C-terminal region is rich in 
hydrophilic residues and show high resemblance in P-proteins across 
eukaryotic organisms (Fig 1.1). This conserved region is suggested to be 
involved in ribosomal interaction with elongation factors (Uchiumi et al. 1990， 
Bargis-Surgey et al. 1999) and ribosome-inactivating protein (Chan et al. 
2007). The outwardly stretched stalk component w a s characterized by 
cryo-electron microscopy (Fig 1.2，Spahn et al. 2001)，and the extended 
structure m a y help in fetching the cytosolic elements to the ribosome. 
Despite structural similarities, P1 and P2 differed from each other in several 
aspects and P1 is characterized by its cellular instability (Tchorzewski 2002) 
and the high tendency to form soluble aggregate. It w a s shown that P1 would 
aggregate at high protein concentration. Native-PAGE analysis illustrated that 
the aggregation of P1 became prominent at about 1.1mg/ml (Fig 1.3, Lee 
unpublished data). Meanwhile, various experiment data also demonstrated 
that P1 and P2 can also form stable hetero-dimer (Tchorzewski et al. 2000a, 
2003, Gonzalo et al. 2001，Shimizu et al. 2002) and the formation of 
hetero-dimer in yeast appeared to increase the helical content of the P-protein 
(Zurdo et al. 2000b). Making use of circular dichroism, it w a s discovered that 
even P1a had a lower secondary structure content than P2p under 
physiological p H and temperature, both proteins acquired a gain in the helical 
content upon the formation of hetero-dimer. The change in structural content 
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was probably due to the stabilization of helical-prone regions and such finding 
may be account for the improved cellular stability of P1 family once the 
hetero-dimer was formed. Similar changes in the structural content are 
expected in the formation of pentameric P-protein complex. 
This change in structural content also gives insights into subsequent 
studies on the spatial arrangement within the P-protein complex. Even though 
early studies reported possible existence of P1 and P2 homo-dimer in the 
P-protein complex (Uchiumi etal. 1987, Tchorzewski et al. 2000a, 2000b), the 
evidence about the presence of P1/P2 hetero-dimer also become prominent 
in the recent decade (Tchorzewski et al. 2000a, 2003, Gonzalo et al. 2001， 
Shimizu et al. 2002). In particular, the protein dinners from yeast were studied 
extensively and typical experimental techniques involved include circular 
dichroism, crosslinking experiment, size exclusion chromatography and 
yeast-two-hybrid as well. Various methods used in the investigation of homo-
and hetero-dimer of P1 and P2 are summarized in Table 1.1. The discrepancy 
in the building block of P-protein complex led to a new question that if P1 acts 
as a bridge for bringing PO and P2 together within the lateral stalk. Previous 
solubilization experiments and two-dimensional electrophoresis demonstrated 
that PO was capable to yield a stable complex with P1 but not P2 (Zurdo et al. 
2000a, Gonzalo et al. 2001). These findings opened a door to the discussion 
of the pivotal role of P1 in the P-protein complex assembly. 
Early finding estimated each PO binds two copies of P1 and P2 to yield a 
P-protein complex in the lateral stalk using sedimentation equilibrium 
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experiment (Shimizu et al. 2002). Although the three constituents PO, P1 and 
P2 comprising the P-protein complex were hypothesized in a molar ratio 1:2:2, 
the exact spatial arrangement of the pentameric complex remains unsolved. 
At the moment, three models of P-protein complex have been proposed (Fig 
1.4): 1) P1 and P2 homodimers bind separately to PO, 2) the two closely held 
P1/P2 hetero-dimers bind to PO as a whole, and 3) the P1/P2 hetero-dimers 
anchor to two distinct binding sites on PO. 
The first model (model A) was originated from early finding that P1 and P2 
form homo-dimers in crosslinking experiments on Artemia salina 60S 
ribosomal subunits (Uchiumi et al. 1987). The observation suggested the 
presence of P1 and P2 homo-dimers in the 60S subunit with each binds to PO 
separately. This idea was further backed by homo-dimer formation observed 
in subsequent crosslinking and yeast-two-hybrid experiments (Tchorzewski et 
al. 2000a, 2000b), though the efficiency of homo-dimer formation was lower 
than that of hetero-dimer. However, a rising number of reports on P1/P2 
hetero-dimer formation favored the second and third models (Tchorzewski et 
al. 2000a, 2003, Garinios et al. 2001, Gonzalo et al. 2001, Shimizu et al. 
2002), and the discovery of P1/P2 hetero-dimer binding sites on PO further 
strengthened the thought (Hagiya et al. 2005, Krokowski et al. 2006). In 
addition, the growing significance of the pivotal role of P1 in the assembly of 
P-protein complex also stands for the presence of P1/P2 hetero-dimer on the 
ribosomal stalk (Gonzalo et al. 2001，Naganuma et al. 2007). To focus on the 
bridging role of P1, it is crucial to obtain a better understanding about the 
stochiometry of P1/P2 complex on the P-protein complex. If the P1/P2 
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complex interacts in a molar ratio of 2:2，the constituents is likely to assemble 
as in model B. In contrast, if P1 and P2 interact in 1:1 manner, the building 
block of the P-protein complex should then be P1/P2 hetero-dimers and the 
spatial arrangement should resemble to model C. 
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Table 1.1 - Table summarizing various methods used in the 
investigation of dimerization of P1 and P2 
Types of dlmerlzatior||Assay Methods ||Orlgins ||Reference 
P1/P2 I Yeast-two-hybrid I Human |Tchorzewskief a/. 2000b 
Solubility test Rat Proteins expressed in E.coll ~ Gonzalo etal. 2001 “ 
Crossllnking Siikworm Shimizu etal. 2002 
Gel mobility assay 
Chimeric protein construction Siikworm Naganuma etal. 2 0 0 7 “ 
P1a/P213 Yeast-two-hybrid Yeast Tchorzewski et al. 2000a 
Cicular diaoism Yeast proteins expressed in Ecoli Zurdoefa/. 2000a 
Fluorescence spectroscopy 
Circular dichroism Yeast proteins expressed in E.coli Tchorzewski et al. 2003a 
Crossllnking 
Dynamic Light scattering 
Fluorescence spectroscopy 
Size exclusion chromatography 
I Size exclusion chromatography Trypanosoma cruzi expressed In E.coli Ayub et al. 2005 
NMR spectroscopy Yeast proteins expressed in E.coli Grela et al. 2007 
Small-angle X-ray scattering 
Size exclusion chromatography 
P1p/P2a Yeast-tvvo-hybrid Yeast Tchorzewski et al. 2000a 
PTTPI Cross丨inking Artemia salina Uchiumiefa/. 1987 
Yeast-twohybrid Human Tchorzewski ef a/. 2000b 
P1a/P1a Crossllnking Yeast proteins expressed in E.coli Tchorzewski et al. 2000a' 
Size exclusion chromatography 
Pip/P1p Crossllnking Yeast proteins expressed in Ecoli Tchorzewski et a/. 2000a 
Size exclusion chromatography 
pTP2 Crossllnking Artemia salina UchiumI etai. 1987 
Yeast-twohybrid Human Tchorzewski et al. 2000b 
P2a/P2a Yeast-twohybrid Yeast Tchorzewski et al. 2000a 
Cross丨inking Yeast proteins expressed in E.coli Tchorzewski et al. 2000a 
Size exclusion chromatography 
P2(5/P2p Yeast-two-hybrld ~ Yeast Tchorzewski ef a/. 2000a 
Crossllnking Yeast proteins expressed in Ecoli Tchorzewski et al. 2000a 
Size exclusion chromatography Z ^ ^ Z Z Z Z ! ^ ^ ! 
Size exclusion chromatography Trypanosoma cruzi expressed in E.coll Ayub etal. 2005 
Yeast-t^ vo-hybrid 
P2a/P2p Size exclusion chromatography Trypanosoma cruzi expressed in E.coli Ayub etal. 2005 
Yeast-two-hybrid 
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Fig 1.1 Sequence alignment of P-proteins. Similar and identical amino acid 
residues were highlighted. The C-termini of P-proteins were shown to be 
highly conserved and the last 17 residues were identical. The conserved 
hydrophilic region is suggested to play role in ribosomal interaction with 
elongation factors (Uchiumi et al. 1990, Bargis-Surgey et al. 1999) and 





L1 IX rpL42 m j ^ ^ i /^ rpL10 P proteins 
V 2 4 
II VI rpL19 V 
b c 
CP CP 
^ ^ H34 
Fig 1.2 The outwardly stretched stalk component of 60S ribosomal 
subunit was characterized in a 15.4A resolution cryo-EM map of the S. 
cerevisiae (Spahn et al. 2001). a) The extended stalk structure of the 60S 
subunit was identified as the P-protein complex. The protein component of 
60S subunit is shown in orange while the R N A component is in blue, b and c) 
The cyro-EM m a p of the yeast 60S subunit is shown together with the 
cyro-EM m a p of E.coli AOS subunit. It is observed that eukaryotic stalk has a 
different orientation compared to the prokaryotic counterpart. The difference in 
orientation was suggested to account for the kingdom specificity towards EF2 
and EF-G. 
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15% Native-PAGE 
Fig 1.3 Purified P1 started to aggregate at about 1.1 mg/ml (Lee, 
unpublished data). Various concentrations of P1 were analyzed by 
native-PAGE to investigate the change in behavior of P1 at increased 
concentration. P1 was shown to have a retarded mobility as it became more 
concentrated and a prominent aggregation of P1 was started at about 
1.1 mg/ml. The finding accounts for the instability of P1 at high protein 
concentration. 
11 
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f r y s ^ / ^ ^ ^ n €f�ma/'n of PO 
l \PO ' I I PO. I rRNA binding 
K ； . I K ; . j 卜 ~ domain of PO 
Model A Model B Model C 
Fig 1.4 Three proposed models of P-protein complex (Gonzalo et al. 
2001). Model A was originated from early observation of P1 and P2 
homo-dimers in crosslinking and yeast-two-hybrid experiments (Uchiumi et al. 
1987，Tchorzewski et al. 2000a, 2000b). It suggested the two homo-dimers 
should bind to PO separately. Rising number of evidence favors models B and 
C that two P1/P2 hetero-dimers were anchored to PO (Shimizu et al. 2002， 
Hagiya et al. 2005, Krokowski et al. 2006), in which the two models were 
distinguished by additional interactions between the two P1/P2 hetero-dimer 
subunits. In model B the two hetero-dimers are proximal to each other when 
bound to PO, while the hetero-dimers in model C anchor to two distinct binding 
sites on PO. 
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1.2 Why P-proteins are so important? 
The biological significance of P-proteins in the ribosomal lateral stalk is a 
popular issue and is investigated extensively. Besides previously mentioned 
strong binding with 28S rRNA, eukaryotic P-protein complex also interacts 
with the prokaryotic 23S rRNA (Uchiumi et al. 1999). The in vitro substitution 
of eukaryotic P-protein complex for the prokaryotic L8 complex on the 508 
subunit changed the ribosomal specificity towards prokaryotic translation 
factors into eukaryotic factors (Uchiumi et al. 1999, 2002a), which accounts 
for the kingdom specificity of such interaction. In addition, the in vitro 
substitution also led to structural changes on the 23S rRNA in which the 
interaction between the elongation factors and the rRNA on the ribosomal 
subunit was affected (Uchiumi et al. 2002b). 
Although P1/P2 hetero-dimer is essential in initiating the binding between 
PO and rRNA, neither P1 nor P2 alone can lead to a similar stimulatory effect, 
which implied the influence of P1/P2 hetero-dimer to the assembly of the 
GTPase-associated center. Meanwhile, the importance of this entity to the 
overall ribosomal activity varies from organisms. In contrast to the prokaryotes, 
eukaryotic P1 and P2 are not as essential for ribosomal activity and instead, 
should play a modulating role in affecting the expression pattern of protein 
(Remacha et al. 1995a, Zambrano et al. 1997). In yeast ribosome, the 
deficiency of P1 and P2 led to a basal level of ribosomal activity, and the two 
hetero-dimers showed differentiated functions in the regulation of stalk 
function (Krokowski et al. 2005). Further studies illustrated that the NTDs of 
P1 and P2 of silkworm, which is responsible for hetero-dimerization and 
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anchoring to PO, also gives lowered level of activity in the ribosome 
(Naganuma et al. 2007). 
Regardless to the relative instability, P-proteins are the only ribosomal 
proteins that have multiple copies in the cytosol and the reports of P1 and P2 
free homo-dimers lead to the discussion about the exchange of P1 or P2 
between the ribosome and the cytoplasm (Zinker and Warner 1976，Tsurugi 
and Ogata 1985). The idea w a s supported by the presence of ribosome 
subpopulation that carry defective ribosomal stalk in cell (Guarinos et al. 
2003), which m a y indicate the dynamism of the eukaryotic stalk when 
compared with the prokaryotes. 
A s a result, a clearer picture about the spatial arrangement and the m o d e of 
assembly of each constituent is anticipated to give us a better understanding 
on the regulatory role of P-protein complex in the GTPase-associated center 
as well as the events involved in protein synthesis. 
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1,3 Research objectives 
The stimulatory role of P1/P2 to the assembly of P-protein complex, as well 
as the GTPase-associated center has been studied widely in the recent 
decade. It is also a consensus that the N-terminal domains (NTDs) of acidic 
ribosomal proteins P1 and P2 play an indispensable role in the dimerization 
and anchorage to the PO in yielding a P-protein complex (Gonzalo et al. 2001， 
Naganuma et al. 2007). Recent report illustrated the deletion of the first 10 
amino acid residues from the N-terminal of P1 and P2 disrupted their binding 
with PO and avoided the stimulatory effect in bringing PO and 28S rRNA 
together (Naganuma et al. 2007). In order to study the overall picture of the 
spatial arrangement within the P-protein complex, more effort should be m a d e 
on exploring the interaction between P1 and P2, and P1/P2 N T D complexes 
would be suitable candidates to start with. 
Recent advances in the P1/P2 complex investigation also open the doors to 
further discussion. The formation of P1/P2 complex is known to stabilize the 
hydrophobic constituent P1 and such improvement was linked up with the 
changes in structural content. Previous circular dichroism experiments 
reported the increase in overall helical content upon the binding of P1 and P2 
(Zurdo et al. 2000b), which suggests P2 may help in shielding P1 from 
degradation by inducing helical structure to it. Meanwhile, the actual story of 
structural changes is still a puzzle. Furthermore, early attempts on elucidating 
the relative tendency of forming homo- or hetero-dimer of P-protein were 
hindered by the aggregation of P1 at high concentration (Tchorzewski 2002, 
Zurdo et al. 2000b). Current advancement in the quantification of binding 
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affinity m a y help in giving an answer. 
In the current study, efforts were m a d e to define the minimal N T D s of 
h u m a n P1 and P2 for the dimerization. C-terminal truncation mutants of both 
proteins were developed according to secondary structure predictions. P1/P2 
N T D complexes were subsequently prepared and their stabilities in solution 
were examined by gel electrophoresis. In addition, the structural integrity and 
stochiometry of varies complexes were evaluated using static light scattering 
technology. 
Structural changes upon complex formation were investigated by N M R 
experiments. ^ ^N-labeled P2 N T D w a s prepared to show the degree of 
perturbation induced by binding of P1. Last but not least, in an attempt to 
elucidate the relative tendency of homo- or hetero-dimerization, the technique 
of surface plasmon resonance (SPR) w a s adopted to give the very first 
quantification of the binding affinity between P1 and P2. 
The objective of this project is to have a better understanding on the 
interaction between human acidic ribosomal proteins P1 and P2, which is 
mainly mediated by the N-termina丨 domains. The discoveries are expected to 
guide future studies about the dimeric interface of P1/P2 and the assembly of 
P-protein complex. Besides, the binding affinity quantification established a 
platform for investigating the dynamism of the P-protein complex as well as 
other factors interacting with the lateral stalk. 
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Chapter 2 
Materials and Methods 
2.1 List of buffers and media 
2.1.1 Preparation of buffers and media 
Buffers and Media were prepared by dissolving chemicals in distilled water 
(dH20) and adjusted to appropriate pH using concentrated Hydrochloric acid 
and Sodium Hydroxide unless otherwise specified. 
2.1.2 Buffers for preparing competent cells 
RF1 
1 0 m M Calcium Chloride, 
3 0 m M Potassium Acetate, 
S O m M Manganese Chloride, 
l O O m M Rubidium Chloride, 
1 5 % (v/v) Glycerol 
Solution w a s adjusted to pH 5.8 by Acetic acid with no back titration, and 
sterilized by filtration through a 0.2|jm filter. 
RF2 
1 0 m M M O P S , 
1 0 m M Rubidium Chloride, 
7 5 m M Calcium Chloride, 
1 5 % (v/v) Glycerol 
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Solution was adjusted to pH 6.5 with Sodium Hydroxide and the solution was 
then sterilized by filtration through a 0.2|jm filter. 
2.1.3 Media for bacterial culture 
Luria broth (LB) 
25g Luria broth powder (USB) was added to 1L d H 2 0 and autoclaved for 
sterilization. 
LB agar plate 
Liquid LB medium was prepared as mentioned, and 10g of agar (USB) was 
added to 1L LB medium and sterilized by autoclave. Antibiotics were added to 
the sterilized agar medium when it was cooled to 55°C. W a r m medium was 
allowed to set on 9 4 m m Petri dish (Greiner). 
M9 media 
6g Sodium Hydrogen Phosphate, 3g Potassium Phosphate, 1g A m m o n i u m 
Chloride and 0.5g Sodium Chloride were dissolved in1L dHsO and 
autoclaved. 
Solution Q 
8ml 5 M Hydrochloric Acid, 5g Iron Chloride, 605mg Sodium of salt Molybdic 
Acid, 340mg Zinc Chloride, 184mg Calcium Chloride, 64mg Boric acid, 40mg 
Manganese Chloride, 18mg Cobalt Chloride and 4 m g Copper Chloride in 1L 
dhbO. The buffer was filter sterilized and stored at 4°C. 
18 
Vitamin mix 
5 m g Thiamine, 1mg d-Biotin, 1mg Chloline Chloride, 1mg Folic acid, 1mg 
Niacinamide, 1mg D-Pantothenic Acid, 1mg Pyridoxal, 0.1 m g Riboflavin, 
freshly prepared in 50ml M 9 medium and filter sterilized. 
2.1.4 Buffers for nucleic acid electrophoresis 
SOX TAB buffer stock 
242g Tris base, 37.2g Na2EDTA.2H20 and 57.1ml glacial Acetic acid in 1L 
dhbO 
6x agarose gel loading buffer 
0.25% (w/v) Bromophenol Blue 
4 0 % (w/v) Sucrose 
6 0 m M E D T A 
The buffer was equilibrated to pH 8.0 and stored at room temperature. 
2.1.5 Buffers for protein electrophoresis 
4x SDS resolving gel buffer, pH 8.8 
18.17g Tris base and 4ml 10% (w/v) S D S in 100ml dH20. 
The buffer was adjusted to pH 8.8 with Hydrochloric acid and stored at 4°C. 
4x SDS stacking gel buffer, pH 6.8 
6.06g Tris base and 4ml 10% (w/v) S D S in 100ml dH20. 
The buffer was adjusted to pH 6.8 with Hydrochloric acid and stored at 4°C. 
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10X SDS-PAGE running buffer 
30.1g Tris base, 188g Glycine and 10g S D S in 1L dHsO. 
The buffer was adjusted to pH 8.8 with Hydrochloric acid and stored at room 
temperature. 
10X Tricine SDS-PAGE cathode running buffer 
121g Tris base, 179.2g Tricine and 10g S D S in 1L dhbO. 
The buffer was stored at room temperature. 
10X Tricine SDS-PAGE anode running buffer 
242.2g Tris base in 500ml dHsO. 
The buffer was adjusted to pH 8.8 with Hydrochloric acid and scaled up to 1L 
with dhbO and stored at room temperature. 
2 X SDS-PAGE loading buffer 
l O O m M Tris-HCI, pH 6.8， 
2 0 0 m M DTT, 
2 0 % (v/v) Glycerol, 
4 % (w/v) S D S , 
0.2% (w/v) Bromophenol Blue 
The buffer was stored at -20°C for and warm to room temperature prior 
usage. 
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4x Native resolving gel buffer, pH 8.8 
18.17g Tris base in 100ml dHsO. 
The buffer was adjusted to pH 8.8 with Hydrochloric acid and stored at 4°C. 
4x Native stacking gel buffer, pH 6.8 
6.06g Tris base in 100ml dH2〇. 
The buffer was adjusted to pH 6.8 with Hydrochloric acid and stored at 4°C. 
10X Native-PAGE running buffer 
30.1g Tris base, 188g Glycine, in 1L dH2〇. 
The buffer was adjusted to pH 8.8 with Hydrochloric acid and stored at room 
temperature. 
2x Native-PAGE loading buffer 
l O O m M Tris-HCI, pH 6.8, 
2 0 % (v/v) Glycerol, 
0.2% (w/v) Bromophenol Blue 
The buffer was stored at -20°C for and warm to room temperature prior 
usage. 
2.1.6 Buffers for interaction studies using BIAcore 3000 
Coupling buffer 
0.4M E D C (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) is mixed with 
0.1M N H S (N-hydroxysuccinimide) in 1:1 (v/v) ratio. 
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Deactivating buffer 
1 M Ethanolamine-HCI, 
pH 8.5 
Running buffer 
1 0 m M H E P E S , 
1 5 0 m M NaCI, 
3 m M E D T A , 
0.005% (v/v) Tween 20， 
pH 7.4 
Regeneration buffer 
0.1 M Glycine, 
0.5M NaCI, 
p H 3 
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2,2 General methods 
2.2.1 Preparation of Escherichia coli (E.coli.) competent cells 
Escherichia coli (E.coli.) competent cell strains DH5a, and 
BL21(DE3)pLysS were prepared for gene cloning and protein expression 
respectively. Bacterial glycerol stocks were streaked onto an LB (DH5a) or 
LBC (BL21(DE3)pLysS) agar plate and subjected to incubation at 37。C for 14 
to 16 hours. Starter culture was grown by inoculating a single colony into 10ml 
of LB or L B C medium (containing 50mg/L chloramphenicol) at 37°C, 
accompanied with constant shaking at 250 rpm until ODeoo reached 0.3 unit. 
Then, bacterial culture was scaled up to 100ml with continued shaking at 
37°C until ODeoo reached 0.4 to 0.5 unit. Cultured cells were then chilled for 5 
minutes and subsequently collected by spinning at 5000 rpm for 10 minutes at 
4°C (Beckman JA-16.250 rotor). The cell pellet was re-suspended in 40ml 
RF1 and kept on ice for another 5 minutes. Afterwards, the cell suspension 
was re-centrifuged and the pellet was re-suspended in 4ml RF2, followed by 
15 minutes chilling. Competent cell aliquots were frozen by liquid Nitrogen 
and stored at -70°C until use. 
2.2.2 Transformation of Escherichia coli (E.coli.) competent cells 
Appropriate quantity of D N A was added to previously thaw competent cell 
and placed on ice for 30 minutes. The mixture was then heat-shocked at 42 °C 
for 2 minutes and quickly chilled on ice for another 10 minutes. 
For plasmid D N A , the bacterial cells were then spread to an LB agar plate 
containing appropriate antibiotic and incubated at 37°C for 14 to 16 hours. For 
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D N A ligation product, the bacterial cells were recovered by adding 400fjl of LB 
and incubated at 37°C, 250 rpm for 45 minutes. Afterwards, the cells were 
collected by centrifugation at room temperature, 12,000 rpm for 2 minutes 
using bench-top centrifuge. Collected pellet was re-suspended in 100|jl of LB 
and subsequently spread to an LB agar plate containing appropriate antibiotic. 
The agar plate was then incubated at 37°C for 14 to 16 hours. 
2.2.3 D N A cloning 
2.2.3.1 D N A cloning by polymerase chain reaction (PGR) 
Polymerase Chain Reaction (PGR) was employed to introduce fusion tag 
and/or mutation to a cloned gene. Reactions were preformed in a 
500|jl-microfuge tube containing reaction components, using ABI P G R 
System 2400 or ABI P G R System 2700. The reaction mixture was prepared in 
the following manner unless otherwise specified: 
Table 2.1 - PGR reaction mixture 
Distilled water 34.5 (JI 
5X Phusion buffer 10 |JI 
10mM dNTPs (2.5mM each of dATP, dCTP, dGTP and dTTP) 1 pi 
Forward primer ( 1 0 _ 1.5 |jl 
Reverse primer ( 1 0 _ 1.5 pi 
DNA Template 1 |jl 
Phusion DNA polymerase (2 U/pl) 0.5 pi 
Total 50 Ml 
Reactions were carried out according to the following scheme: 
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Table 2.2 - PGR cycles 
Temperature Time No. of cycles 
Initial denaturation 98°C 2 min — 
Denaturation 98°C 10 sec 
Thermo-cycle Annealing 52°C 30 sec 29 
Elongation 72°C 30 sec 
Final extension 72°C 10 min — 
End 4°C ™ 
2.2.3.2 Agarose gel electrophoresis of D N A 
Agarose gels were prepared with 1.5% (w/v) agarose dissolved in 1X TAE 
buffer containing 0.5|jl/ml ethidium bromide. D N A samples were mixed with 
6X loading buffer to a final concentration of 1X. After the samples were loaded, 
electrophoresis was performed at constant voltage of 120V in a gel tank 
containing 1X TAE buffer. As the electrophoresis was finished, the agarose 
gel was placed onto a U V P model M-20 transilluminator for visualizing the 
D N A . The agarose gel was documented using B I O R A D Gel Documentation 
System 1000. 
2.2.3.3 Extraction and purification of D N A from agarose gels 
The protocol was originated from GEL-MiMGel Extraction System with 
some modifications. After gel electrophoresis, desired D N A band was 
visualized by U V P model M-20 transilluminator and excised from the gel. The 
gel was then cut into small pieces after weighing, followed by the addition of 
500|jl of G E X buffer to the 1.5ml eppendorf containing the gel slice. The 
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mixture w a s incubated at 60°C until the gel w a s totally dissolved and cooled 
to room temperature afterwards. The gel mixture w a s then loaded into a 
Gel-M™column and inserted into the collection tube. The column cartridge 
w a s centrifuged at 12,000 rpm at bench-top centrifuge for 1 minute, and the 
flow-through w a s discarded. Next, 500|JI WF solution w a s loaded into the 
cartridge, centrifuged at 12,000 rpm for another 1 minute, and the 
flow-through w a s again discarded. 700^1 W S solution w a s then loaded into 
the cartridge, and centrifuged at 12,000 rpm for 1 minute, with the 
flow-through being discarded. The whole cartridge w a s further centrifuged for 
another 3 minutes to ensure all residual solution w a s removed. Afterwards, 
the spin column w a s placed into a new eppendorf and 50|jl of ddH20 
pre-warmed at 65°C was added to the column. The column w a s allowed to 
stand at room temperature for 1 minute and the whole cartridge w a s 
centrifuged for 2 minutes at 12,000 rpm to elute the D N A . 
2.2.3.4 Restriction digestion of D N A 
Restriction digestion of D N A was preformed using appropriated restriction 
enzyme from N e w England Biolabs Inc. in a buffered system. The digestion 
mixture w a s incubated at 37°C for 2 hours, and the detailed conditions for 
restriction digestion were listed in Table 2.3. After digestion, 6X D N A loading 
dye was added to terminate the reaction and the mixture w a s analyzed by 
agarose gel electrophoresis as described in section 2.2.3.2. Desired D N A 
fragment was extracted and purified from the gels by GEL-MTM Gel Extraction 
System as described in section 2.2.3.3 for subsequent ligation. 
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2.2.3.5 Ligation of digested insert and expression vector 
Ligation of D N A was carried out by using T4 D N A ligase from N e w England 
Biolabs Inc. The buffered reaction mixture was incubated at 16°C for 16 
hours, and the quantities of the reaction components were as show in Table 
2.4. Afterwards, the ligation products were transformed into freshly thawed 
E.coli. D H 5 a competent cells as described in section 2.2.2. 
Table 2.3 ~ Restriction enzyme digestion mixture 
Vector Insert 
Undigested vector / Insert (PGR product) 14 pi 28 [i\ 
10X buffer (New England BioLabs Inc.) 2 \}\ 4 pi 
Enzyme I (10 U or 20 U) 1 pi 2 … 
Enzyme II (10 U or 20 U) 1 m' 2 |JI 
BSA 3 Ml 4|j l 
Total ~ ‘ 20 |jl 40 pi 
Table 2.4 -- Ligation mixture 
10x T4 ligase buffer 1 |jl 
Linearized vector 2 |jl 
Digested DNA insert 6 pi 
T4 DNA ligase (40 U/pl) 1 M> 
Total ~ 10 pi 
2.2.3.6 Verification of insert by P G R 
Bacterial colonies grown on the agar plate were picked by toothpicks and 
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subjected to P G R to check for the presence of the plasmids. Successful 
transformation of ligation product was indicated by the presence of desired 
P G R product. The composition of P G R reaction mixture and the reaction 
scheme are listed in Table 2.5 and Table 2.2 respectively. The P G R products 
were then loaded for agarose gel electrophoresis as described in 2.2.3.2. 
Table 2.5 ~ PGR reaction mixture for verification of insert 
10X reaction buffer (New England BioLabs 
5 pi 
Inc.) 
MgCb (25mM) 1 [JI 
dNTP 1 Ml 
Forward primer (1 OpM) 1.5 \i\ 
Reverse primer (1 OpM) 1.5 pi 
Taq polymerase (5 U/ul) 1 pi 
6H2O 39 Ml 
Total ^ 50 ul 
2.2.3.7 Mini-preparation of plasmid D N A 
Procedures were modified from those recommended by Wizard Plus S V 
Minipreps D N A Purification Kit, Promega. A single, positive bacterial colony on 
the agar plate was inoculated into 5ml of LB medium containing 100|jg/L of 
ampicillin and incubated at 37°C for 16 hours with constant shaking at 250 
rpm. The bacterial pellet was collected in an eppendorf by centrifugation at 
12,000 rpm using bench-top centrifuge for 2 minutes. The cell pellet was 
re-suspended in 250|jl of cell re-suspension solution and mixed with 250fjl of 
cell lysis solution. The mixture was inverted gently for several times until it 
became clear. 10|JI of alkaline protease was then added and the mixture was 
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allowed to stand at room temperature for 5 minutes. Next, 350|JI of 
neutralization solution w a s added and mixed immediately by inversion until 
white precipitates w a s formed. The mixture was centrifuged at 12,000 rpm for 
15 minutes. The resulting supernatant w a s transferred to a DNA-binding 
column, which w a s inserted into a collection tube, and centrifuged at 12,000 
rpm for 1 minute. The flow-through was then discarded, and 750[jl of column 
wash solution w a s added and re-centrifuged for another 1 minute to wash the 
column. Column washing was repeated with 250|jl of column wash solution, 
and the washed column was transferred into a new collection tube. 100^1 of 
nuclease free water provided by the manufacturer w a s added onto the column 
and w a s allowed to stand at room temperature for 2 minutes. The D N A was 
eluted by centrifuging the whole cartridge at 12,000 for 1 minute and stored at 
-20°C until use. 
2.2.4 Polyacrylamide gel electrophoresis (PAGE) of Protein 
2.2.4.1 SDS- Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
S D S - P A G E w a s run using the Mini-PROTEAN III electrophoresis cell 
(Bio-Rad). Apparatus was prepared according to manufacturer's instructions. 
The short glass plate and spacer glass plate (0.75mm) were cleaned by 7 0 % 
(v/v) ethanol and wiped with lint-free tissue paper. The cleaned plates were 
assembled into the casting frame and 3.2ml resolving gel solution (refer to 
Table 2.6) was transferred into the space between the inner and outer glass 
plates. 100|jl of isopropanol was added on top of the gel to flatten the gel 
surface and to keep the gel solution away from atmospheric oxygen which 
hindered polymerization of acrylamide. After resolving gel was polymerized, 
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the isopropanol was removed and the gel surface w a s washed with dH?。and 
subsequently dried with a piece of filter paper near the gel surface. Next, 
stacking gel solution (refer to Table 2.8) was added on top of the resolving gel 
until the solution reached the edge of the glass plate. A comb of 0.75mm thick 
with 10 or 15 wells former was inserted into the stacking gel before 
polymerization. 
After the stacking gel was set, the comb was removed and the wells were 
washed with dhbO. The gel cassette was then assembled into an 
electrophoresis cell and the inner chamber was filled with fresh S D S - P A G E 
running buffer; while the outer chamber with fresh of re-used S D S - P A G E 
running buffer. 
2X S D S - P A G E loading buffer was added to the protein samples, followed 
by denaturation at 95°C for 5 minutes and were subsequently loaded into the 
wells for electrophoresis. A constant current of 30 to 6 0 m A per gel was 
applied until the bromophenol blue dye front reached the bottom of the gel. 
The gel was then detached from the glass plate and stained with Commassie 
brilliant blue or Zinc Imidazole Solution. 
2.2.4.2 Tricine SDS-polyacrylamide gel electrophoresis 
For the separation of protein with size less than lOkDa, Tricine 
Polyacrylamide Gel was used for electrophoresis. The procedures of Tricine 
gel electrophoresis were similar to that of S D S - P A G E (2.2.4.1) with 
modifications were made in the resolving gel (Table 2.7) and running buffers. 
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2.2.4.3 Native polyacrylamide gel electrophoresis 
Native P A G E was employed to evaluate the homogeneity of protein. The 
recipe was stated in Table 2.9, and the gel was prepared in the same way as 
for S D S - P A G E (2.2.4.1). Appropriate volume of 2x Native-PAGE loading 
buffer was added to the protein sample to a final concentration of 1X, and the 
sample was loaded to the well without heating. After the gel cassette was 
assembled into the electrophoresis cell, both the upper (inner) chamber and 
the lower (outer) chamber were filled with fresh Native-PAGE running buffer. 
Electrophoresis was performed at 2 0 m A per gel until the dye front reached the 
bottom of the running gel. It was then detached from the glass plate and 
stained with Commassie brilliant blue or Zinc Imidazole Solution. 
Table 2.6 " Recipe of S D S - P A G E 15% Resolving gel (for 2 mini gels) 
dHzO 3 ml 
40% acrylamide solution (Acrylamide: Bis-acrylamide = 19:1) 3 ml 
4x resolving gel buffer (pH 8.8) 2 ml 
10% ammonium persulfate (APS) 100 pi 
TEMED 4 |jl 
Total _ = _ � 8 ml 
Table 2.7 - Recip- ^f Tricine SDS-PAGE Resolving gel (for 2 mini gels) 
20% 25% 
CIH2O 1.34 ml 0.2ml 
40% acrylamide solution (Acrylamide: Bis-acrylamide = 19:1) 4 ml 5 ml 
4x resolving gel buffer (pH 8.8) 1.86 ml 2.00ml 
Glycerol 0.8 ml 0.8 ml 
10% ammonium persulfate (APS) 100 |JI 100 |JI 
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TEMED 4|j| 4 Ml 
Total — = = — - 8 ml - 8 ml 
Table 2.8 " Recipe of SDS-PAGE 5% Stacking gel (for 2 mini gels) 
dH20 2.1335 ml 
40% acrylamide solution (Acrylamide: Bis-acrylamide = 19:1) 0.4375 ml 
4x stacking gel buffer (pH 6.8) 0.875 ml 
10% ammonium persulfate (APS) 50 gl 
TEMED 4 Ml 
Total � 3 . 4 4 ml 
Table 2.9 ~ Recife of Native-PAGE Resolving gel (for 1 mini gel) 
15% 20% 
dHzO 3 ml 1.34 ml 
40% acrylamide solution (Acrylamide: Bis-acrylamide =19:1) 3 ml 4 ml 
4x resolving gel buffer (pH 8.8) 2 ml 1.86 ml 
Glycerol -- 0.8 ml 
10% ammonium persulfate (APS) 100 |JI 100 pi 
TEMED 4 Ml 4 |jl 
Total - 8 ml - 8 ml 
2.2.4.4 Commassie brilliant blue staining of protein in polyacrylamide gel 
After electrophoresis, the gel was immersed in staining solution containing 
0.15% (w/v) Commassie Brilliant Blue R250, 3 0 % (v/v) ethanol, 10% (v/v) 
acetic acid for 1 hour at room temperature with continuous shaking. The gel 
was then washed wilh running water and destained with solution containing 
2 5 % (v/v) ethanol, 8 % (v/v) acetic acid with a piece of paper towel at room 
temperature with sha. ing. 
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2.2.4.5 Zinc Imidazole staining of protein in polyacrylamide gel 
Alternatively, the gel was detached from the glass plate and immersed in 
0.2M Imidazole, 0.1% (w/v) SDS for 15 minutes at room temperature with 
continuous shaking. Next, the gel was washed with running water to remove 
excess Imidazole and subsequently soaked in 0.2M ZnSCU. The protein band 
was then visualized after soaking for 30 seconds and excess solution was 
removed with running water. 
2.2.5 Protein concentration determination 
Quantitation of protein was done by measuring the absorbance of protein 
solution at 280nm. Extinction coefficient for the protein was estimated by 
ProtParam (http://au.expa$v.org/tools/protparam.html). Concentration of the 
protein was estimated by applying the Beer's Law A = s • c • I’ 
where, A = Absorbance at OD280 
s = Molar extinction coefficient 
c = Concentration of compound in solution 
I = Path length of sample 
2.2.6 Expression of recombinant proteins 
2.2.6.1 Expression of recombinant proteins using LB 
The plasmid encoding ribosomal protein P1, P2 and their truncation 
mutants were transformed into the expression host E. Coli. strain 
BL21(DE3)plyS according to section 2.2.2. The transformants were selected 
on LB agar plate containing ampicillin (100mg/L) and chloramphenicol 
(50mg/L). About ten colonies were inoculated to 10ml LBAC supplemented 
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with 100|jl of 1M MgS04, and 1ml of 40% (w/v) glucose and incubated at 37°C 
at 250 rpm for 3 hours. 10ml of saturated starter culture was then inoculated 
to 1L of LBAC medium with 1ml of 1M MgSO*，and 10ml of 40% (w/v) glucose 
at 1% inoculation. The bacterial culture was allowed to grow at 37°C at 250 
rpm until ODeoo reached 0.6-0.8 and 1ml of 0.4M IPTG (isopropyl 
P-D-thiogalactopyranoside) was added to the bacterial culture for induction 
(final concentration of 0.4mM IPTG). The broth was allowed to grow for 4 
hours at 37°C with shaking at 250 rpm. 
2.2.6.2 Expression of recombinant proteins using minimal medium 
i5n-丨abeled protein was overexpressed in minimal medium M9. The 
procedures were similar to that in section 2.2.6.1 with the starter culture was 
centrifuged and re-suspended in 1L M9 culture medium, supplemented with 
2ml 1M MgSCU，4ml Solution Q, 2g glucose, 1g ^^N - NH4CI, vitamin mix, 
ampicillin (100 mg/L) and chloramphenicol (50 mg/L). The culture medium 
was then incubated at 37�C at 250 rpm until ODeoo reached 0.4-0.6. Then, 
0.4mM IPTG was added for induction and the bacterial culture was allowed to 
grow for another 4 hour at 37�C with shaking at 250 rpm. 
2.2.6.3 Harvest and lysis of bacterial cell culture 
After induction for 4 hours, the bacterial cell culture was harvested by 
centrifugation at 8,000 rpm (Beckman rotor, J LA 16.25) at 4 � C for 5 minutes. 
The cell pellet was re-suspended in 40ml of 20mM Tris buffer, pH 7.8 or 8.5 
(for P2AC46) containing 0.5mM phenylmethysulfonyl fluoride (PMSF) and 
20mM p-mercaptoethanol. The suspension was sonicated for 10 cycles of 1 
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minute on ice (4 seconds pulse, 8 0 % output). The lysate w a s aliquot to check 
for successful protein expression by S D S - P A G E and then centrifuged at 
17,000 rpm (Beckman rotor, JA 30.5) for 45 minutes at 4°C. 
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2.3 Protein purification 
2.3.1 Purification of ribosomal protein P1 and its deletion mutants 
2.3.1.1 Purification of P1 
P1 was cloned into pET8C vector and overexpressed in E.coli strain 
BL21(DE3)pLysS. The harvested cells were re-suspended in 20mM Tris, 
20mM p-mercaptoethanol, O.SmM PMSF, pH 7.8 and sonicated as in section 
2.2.6.3. The supernatant was loaded to Q Sepharose™ Fast Flow column 
(Amersham Biosciences) and flowthrough was collected for 40% (w/v) 
ammonium sulphate precipitation. The precipitate was dissolved in 100ml 
urea buffer (20mM Tris, 8M urea, 20mM p-mercaptoethanol, pH 7.8) and was 
purified by HiTrap™ Q HP column (Amersham Biosciences). The anion 
exchange chromatography was carried out using Amersham Biosciences 
AKTA Prime system which was equilibrated by urea buffer. The protein 
sample was subjected to a 300ml linear gradient of 0 to 0.5M NaCI in urea 
buffer and fractions were collected (6ml/ fraction) . The protein content of the 
eluent was monitored simultaneously by OD280 with an UV detector. After 
SDS-PAGE analysis, the fractions containing P1 were then collected and 
refolded by dialysis against 20mM Tris, 20mM p-mercaptoethanol, pH 7.8， 
twice, to remove urea. 
2.3.1.2 Purification of P1AC25 
P1AC25 gene was cloned into pET8C vector and overexpressed as 
previously stated. The harvested cells were re-suspended in 20mM Tris, 
20mM p-mercaptoethanol, O.SmM PMSF, pH 7.8 and lysed as in section 
2.2.6.3. The collected pellet was again re-suspended by the same buffer, 
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followed by sonication and centrifugation twice to remove any unwanted 
soluble proteins. The washed pellet was then dissolved in urea buffer (20mM 
Tris, 8M urea, 20mM p-mercaptoethanol, pH 7.8) and purified by HiTrap™ Q 
HP column (Amersham Biosciences) in a 300ml linear gradient of 0 to 0.5M 
NaCI in urea buffer. The collected fractions (6ml/ fraction) were analyzed by 
SDS-PAGE. Next, P1AC25 containing fractions were pooled and mixed with 
equal volume of urea buffer and subjected to anion exchange 
chromatography using HiTrap™ DEAE HP column (Amersham Biosciences). 
The protein was resolved in urea buffer using a 300ml linear gradient of 0 to 
0.5M NaCI. After SDS-PAGE analysis, the fractions containing P1AC25 were 
collected and refolded by dialysis against 20mM Tris, pH 7.8, 20mM 
P-mercaptoethanol, twice, to get rid of urea. 
2.3.1.3 Purification of HisMBP-P1AC40 and HisMBP-P1 AC47 
P1AC40 and P1AC47 were cloned into pRHisMBP vector to yield 
HisMBP-P1AC40 and HisMBP-P1AC47 constructs and overexpressed in 
E.coli strain BL21(DE3)pLysS. The cells were harvested, sonicated and 
loaded to Q Sepharose^"^ Fast Flow column as in 2.3.1.1. The flowthrough 
was collected for 80% (w/v) ammonium sulphate precipitation. The precipitate 
was dissolved in 100ml urea buffer (20mM Tris, 0.2M NaCI, 8M urea, 20mM 
P-mercaptoethanol, 0.5mM PMSF, pH 7.8) and was purified using HiTrap™ 
Chelating HP column charged with Ni^ "" (Amersham Biosciences). The protein 
sample was subjected to a 300ml linear gradient of 0 to 0.3M imidazole in 
urea buffer and fractions were collected (6ml/ fraction). Fractions containing 
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target protein were then collected and refolded as described in 2.3.1.1. 
2.3.2 Purification of ribosomal protein P2 and its deletion mutants 
P2 or its truncation mutants were cloned into pET8C vector and 
overexpressed as in section 2.2.6 E.coli strain BL21 (DE3) pLysS. The cells 
were re-suspended in 40ml of Tris buffer: 20mM Tris, pH 7.8 or 8.5 (for 
P2AC46) containing O.SmM PMSF and 20mM p-mercaptoethanol. The 
sonicated lysate was centrifuged at 4°C, 17,000 rpm for 45 minutes and the 
supernatant was purified by DEAE Sepharose™ Fast Flow column 
(Amersham Biosciences). P2 or its truncation mutants were eluted by Tris 
buffer in a 300ml linear gradient of 0 to 0.5M NaCI, and target fractions were 
subjected to SDS-PAGE analysis. 
2.3.2.1 Purification of P2 
For P2, target fractions were pooled and mixed with equal volume of 20mM 
Tris, 4M NaCI, pH 7.8 and loaded into a HiTrap™ Phenyl HP column 
(Amersham Biosciences). The flowthrough was collected and concentrated to 
volume of 5ml and set for size exclusion chromatography using Superdex™ 
200 column (Amersham Biosciences). The purification was preformed in 
20mM Tris, 0.2M NaCI, pH 7.8 at flow rate 3ml/min. The P2 containing 
fractions (6ml/fraction) were pooled and dialyzed against 50-fold Tris buffer at 
4°C overnight. The dialyzed sample was then purified by HiTrap™ Q HP 
column (Amersham Biosciences) in a 300ml linear gradient of 0 to 0.5M NaCI 
in Tris buffer. The purified P2 was exchanged into storage buffer: 20mM Tris, 
0.2M Na2S04, pH 7.5 and again concentrated using Amicon Ultra (Millipore) 
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with membrane of molecular cut-off at 5kDa and stored at -80°C 
2.3.2.2 Purification of P2AC46 and P2AC55 
The protein containing fractions obtained from D E A E column were pooled 
and concentrated to volume of 5ml and subjected to size exclusion 
chromatography using Superdex™ 75 column (for P2AC46) or Sepharose™ 
200 (for P2AC55). The purification was preformed in Tris buffer: 2 0 m M Tris, 
0.2M NaCI, p H 7.8 or pH 8.5 (for P2AC46) at flow rate 1.5ml/min. Target 
fractions (6ml/ fraction) were pooled and dialyzed against 50-fold Tris buffer at 
4°C overnight. The dialyzed sample was further purified by HiTrap™ Q H P 
column (Amersham Biosciences) in a 300ml linear gradient of 0 to 0.5M NaCI 
in Tris buffer. The purified protein was exchanged into storage buffer and 
concentrated (as in section 2.3.2.1) for storage at -80°C. 
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2,4 Preparation and purification of protein complexes 
formed by P1, P2 and their truncation mutants 
The protein complexes formed by P1, P2 and their truncation mutants were 
prepared by co-refolding in urea buffer or direct mixing. The purified protein 
constituents were quantified as in section 2.2.5’ and pooled together at molar 
ratio of P1 (or its truncation mutants) : P2 (or its truncation mutants) of 1:2， 
followed by further purification. The constituents of each complex were as 
follow: 
Table 2.10 -- Protein Constitutions of Various Protein Complexes 
Resolved by Superdex 旧 200 Resolved by Superdex 旧 75 
Molar ratio of pooled mixture Molar ratio of pooled mixture 






P1AC25 ^ P1AC47 
2.4.1 Preparation of complexes by Co-refolding in urea buffer 
2.4.1.1 Preparation of P1 or P1AC25 involved complexes 
Prior to the removal of urea, purified P1 or P1AC25 was first mixed with 
native P2 or its truncation mutants in molar ratio of 1:2 in urea buffer. The 
unfolded protein mixture was then dialyzed against Tris buffer: 2 0 m M Tris, 
0.2M NaCI, 2 0 m M p-mercaptoethanol, pH 7.8，twice, to remove urea. The 
refolded protein mixture was concentrated using Amicon Ultra (Millipore) with 
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membrane of molecular cut-off at 10 kDa and loaded into Superdex™ 75 or 
200 column (Amersham Biosciences) as stated in Table 2.10. N o precipitation 
of protein w a s observed after refolding and concentration. The protein mixture 
was resolved in Tris buffer and fractions corresponding to the protein complex 
were collected. The target fractions were analyzed by both native and 
S D S - P A G E to check for their purities and homogeneities. Fractions containing 
protein complex were pooled and concentrated for storage at -80°C until use. 
2.4.1.2 Preparation of P1AC40/ P2AC46 and P1AC47/ P 2 A C 4 6 
The urea denatured HisMBP-P1AC40 and HisMBP-P1AC47 were mixed 
with P 2 A C 4 6 in molar ratio of 1:2 and dialyzed in 2 0 m M Tris, 0.2M NaCI, 
2 0 m M 2-ME, 0.5mM P M S F , pH 7.8 twice to remove the urea. The clear 
protein mixture obtained after refolding was purified to remove excess 
P2AC46 using HiTrap™ Chelating H P column charged with Nj2+. The protein 
sample w a s subjected to a 300ml linear gradient of 0 to 0.3M imidazole and 
fraction containing the purified complex was concentrated using Amicon Ultra 
with membrane of molecular cut-off at 10 kDa and P M S F was removed as 
well. Then Factor Xa (1unit/ 50|jg protein) was added to the concentrated 
protein and incubated for overnight digestion at room temperature to remove 
the His-MBP tag. The digested protein mixture was again loaded to Ni^ "" 
charged column and step eluted by 0.3M imidazole. The flow through 
collected was then further purified by Superdex™ 75 column. Purified 
P1AC40/P2AC46 and P1AC47/P2AC46 were analyzed by both native and 
S D S - P A G E to confirm their identity and homogeneity. 
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2.4.2 Preparation of complexes by direct mixing 
Refolded P1 was directly mixed with P2 in molar ratio of 1:2 and incubated 
at 4°C for 30 minutes. Next, the protein mixture was purified as in section 
2.4.1. 
42 
2.5 Laser light scattering for the determination of 
molecular weight of protein and their complexes 
Purified protein and their complexes were subjected to Laser Light 
Scattering for determining their molecular weight in solution. Apart from 
traditionally used mass spectrometry or size exclusion chromatography (SEC), 
light scattering measurement characterizes the solution properties of a wide 
range of macromolecules, without the aid of outside calibration standards. 
W h e n compared with molecular weight determination using S E C alone, light 
scattering measurement is independent of the assumptions that protein 
sample follows the elution manner of column calibration standards. 
2.5.1 Chromatography mode light scattering experiment (SEC / LS) 
Chromatography m o d e light scattering experiment brings the excellences of 
S E C and light scattering (LS) together By coupling a fractionation technique 
to LS, macromolecules are first separated based on their physical properties 
before the LS measurement. The LS information obtained is thus solely based 
on each eluting fraction. Otherwise, the molecular weight observed might be 
an averaged value of a wide range of masses and sizes present in the sample. 
Besides, the molar mass and size distribution of the sample can also be 
quantified completely in chromatography mode. 
The system was equilibrated with Tris buffer: 2 0 m M Tris, 0.2M NaCI, 2 0 m M 
(3-mercaptoethanol, pH 7.8 for 16 hours prior to sample injection. Protein 
sample was concentrated to a concentration of 3 to Smg/ml and loaded into 
Superdex™ 75 or 200 column (Amersham Biosciences) (according to section 
43 
2.3 and 2.4), with AKTA™explorer™ served as the solvent delivery and 
pumping system. The fractionation part was connected in-line with the LS 
system (Wyatt Technology) with the following flow detectors: LS detector 一 
miniDAWN and refractive index (Rl) detector - Optilab® DSP. The experiment 
was conducted in Tris buffer with a flow rate at 0.5ml/min at room 
temperature. 
Molecular weight of protein sample was determined using ASTRA 
calculations after the SEC/LS was done. Data was acquired across the entire 
spectrum obtained by the LS and Rl detectors. Throughout the calculations, a 
dn/dc value of 0.185ml/g and fit degree of 0 were used. 
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2.6 Interaction study of P1 and P2 using BIAcore 3000 
surface plasmon resonance (SPR) biosensor 
BIAcore 3000 surface plasmon resonance (SPR) biosensor (GE Healthcare) 
was used to measure the kinetic parameters for the interaction between P1 
and P2. 
P2, the ligand, was covalently immobilized onto the dextran matrix of a C M S 
sensor chip surface and the refractive index of the P2-coupled surface would 
change upon the binding of P1, the analyte of the study. The change of 
refractive index caused the alteration of the angle of S P R (0SPR) and resulted 
in a response signal. By collecting and analyzing the temporal changes of 
response signal, the kinetic parameters of the P1 and P2 interaction can be 
obtained. 
Experimental design and operation procedures were derived from BIAcore 
3000 Getting Started, BIAtechnology Handbook, Sensor Surface Handbook 
and BIAcore 3000 Instrument Handbook. BIAcore 3000 was controlled using 
BIAcore 3000 Control Software and data analysis was performed using 
BIAevaluation Software. 
2.6.1 Immobilization of P2 onto C M S sensor chips 
P2 was diluted to 5|ig/ml by 1 0 m M sodium acetate, pH 3.8 and was 
immobilized onto C M S sensor chips at their primary amide groups (N-terminal 
amides and Lys side chain amide groups) using the Amine Coupling Kit (GE 
Healthcare). A freshly opened C M S sensor chip was docked into BIAcore 
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3000 and was activated by 1:1 (v/v) EDC (0.4M 
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and NHS (0.1M 
N-hydroxysuccinimide) at Spl/min for 10 minutes. Diluted P2 was then 
coupled to the sensor chip at 5|jl/min until the response level reached 
�1000RU. Afterwards, 1M Ethanolamine-HCI (pH 8.5) was then injected at 
5|jl/min for 10 minutes to deactivate any excess reactive group on the sensor 
surface. The chip was then equilibrated with running buffer at 5ul/min for 5 
minutes before kinetic measurement. 
Sensor chip was removed from the sheath and stored by submerging in 
running buffer at 4 � C between experiments. The support and the glass side of 
the sensor chip was wiped dry using lint-free tissue paper without wiping the 
sensor surface. The chip was inserted back into the sheath and docked 
before use. 
2.6.2 Kinetic measurements of P1 and P2 interaction 
3.75 - 60|JM of P1 in running buffer was injected onto the P2-immobilized 
sensor chip surface, and protein binding was measured at a flow rate of 
30|jl/min, 25�C，for 240 seconds. Upon the equilibrium was reached, running 
buffer was applied to the system and dissociation was monitored for an 
additional 600 seconds for bringing the signal back to the basal level. Kinetic 
information of the association/dissociation cycle was monitored and collected 
by BIAcore 3000 Control Software. Before starting a new cycle for kinetic 
measurement, a steady and consistent baseline was attained by regenerating 
the binding surface using regeneration buffer. Control experiment was 
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performed in the same manner using an uncoupled sensor chip surface which 
was prepared under identical immobilization conditions. Rate of Association 
( k o n ) , dissociation (k。")，and equilibrium dissociation constants (Kd) were 
calculated by fitting the binding curves to the 1:1 Langmuir binding isotherm 
using BIAevaluation version 4.1 (GE Healthcare). The confidence of each fit 
was based on the agreement between experimental data and the calculated 
fits, where the x^ values were less than 1.0. 
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Chapter 3 
Determination of domain boundaries for 
dimerization of P1/P2 
3.1 Introduction 
In eukaryotic ribosome, acidic ribosomal protein PO, together with P1 and 
P2, forms the P-protein complex in the stalk of large ribosomal subunit and 
w a s suggested to have a molar ratio of 1:2:2 (Shimizu et al. 2002). Despite 
the pentameric protein complex formed by the three constituents was 
hypothesized for many years, their spatial arrangement w a s not fully 
described. Currently, three models of the pentameric complex are proposed 
(Fig 1.4), and the major controversy is whether P1 and P2 behave as 
homo-dimer or hetero-dimer when they anchor to PO. Even though early 
experiment data suggested that P1 and P2 would both behave as 
homo-dimer (Uchiumi et al. 1987, Tchorzewski et al. 2000a, 2000b), 
evidences supporting the formation of P1/P2 hetero-dimer are becoming 
more prominent in recent years (Tchorzewski et al. 2000a, 2003, Garinios et 
al. 2001，Gonzalo et al. 2001，Shimizu et al. 2002). As a first step to describe 
the assembly of the P-complex, our focus would be on the P1/P2 hetero-dimer, 
which is believed to be an important entity in the P-complex constitution. 
It is proposed P1 and P2 can be segmented into three distinct regions, 
which are thought to serve different functions in the ribosomal stalk (Uchiumi 
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et al. 1990, Bargis-Surgey et al. 1999, Gonzalo et al. 2001, Naganuma et al. 
2007). The structured N-terminal domain (NTD) is suggested to play a role in 
the dimerization of P-proteins and is the main focus of our study. The 
remaining unstructured polypeptides involve a flexible hinge that is rich in 
alanine, glycine and proline, while the highly conserved C-terminal domain is 
responsible for physiological functions in the ribosome. The two proteins are 
differentiated by their cellular stability where the unstable P1 can only survive 
for minutes, while P2 lasts for hours. Interestingly, the association of 
P-proteins protects P1 from rapid degradation in cellular environment. As it is 
widely accepted that the association of the two P-proteins are mainly 
mediated by the N-terminal domains, the N T D s should also play a crucial role 
in the stabilization and worth further investigation. 
Extensive studies on the N T D s of P1 and P2 was held in recent decade, 
and their essential role in the hetero-dimerization was illustrated in rat 
(Gonzalo et al. 2001), yeast (Grela et al. 2006) and silkworm (Naganuma et al. 
2007). It is accepted that the remaining C-terminal polypeptides do not play a 
prominent role in the dimerization; meanwhile, the solubility of N-terminal 
truncation mutants of P1 was significantly lowered in the course of C-terminal 
truncation. In this chapter, systematic C-terminal truncation mutants of P1 and 
P2 were developed to investigate their minimal N T D s required for 
hetero-dimerization. The N T D s were either expressed alone or fused with 
N-terminal HisMBP to improve the solubility. Complexes formed by various 
mutants were adopted for further studies. 
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3.2 Preparation of P1. P2 and their truncation mutants 
3.2.1 Construction of P1 and P2 N-terminal domains (NTDs) 
Our group has previously obtained structural information of P2 and 
designed an NTD by NMR spectroscopy (Chan, Lee unpublished data). It is 
concluded that P2 consist of a 4-helices domain from the residues 1-60，and 
an unstructured flexible tail from the residues 61-115 (Fig 3.1). An NTD of P2 
was then constructed by truncating 46 amino acids from the C-terminal of P2 
and known as P2AC46. As the structural information of P2 resembles to the 
secondary structure prediction, other truncation mutants of P1 and P2 were 
then developed based on the prediction. 
With the exception of P1AC40 and P1AC47, ribosomal proteins P1, P2 and 
their NTDs construct were cloned into pET8C vector for recombinant protein 
expression. Owning to the instability of P1AC40 and P1AC47, the two mutants 
were unable to be expressed alone and were then cloned into pRHisMBP 
vector. In the presence of the highly soluble N-terminal His-MBP tag, the two 
fusion mutants were expressed in the soluble fraction (Table 3.1, Fig 3.2). 
Table 3.1 - Truncation mutants developed for the investigation of P1 
and P2 N-terminal domains (NTDs) 
P1 NTDs: P 1 A C 2 5 H i s M B P - P l A C 4 0 HisMBP-P1AC47 
P2 NTDs: P2AC46 P2AC55 
Recombinant proteins were expressed and purified as in section 2.2.6 and 
2.3. Purified proteins were analyzed by SDS-PAGE and the purity was 
visualized using Commassie Brilliant Blue staining. 
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Fig 3.1 NMR spectroscopy confirmed NTD of P2 consists of 4 helices, a) 
Secondary structure predictions of P1 and P2 were performed by PSIPRED 
(Jones 1999) suggested both proteins possess a 4 helices NTD. b) NMR 
experiments revealed that the 4 helices domain of P2 spanned the first 60 
residues which was the foundation of the construct P2AC46 (Lee, 
unpublished data). As the structural information of P2 agreed with the 
secondary structure prediction, the construction of other NTDs of P1 and P2 
were also based on the prediction. 
51 
Expected Size 
P1 I 1 11.5kDa 
P 1 A C 2 5 I I 8.6kDa 
HisMBP-P1 A C40 I I ~ I 51.9kDa 
HisMBP-P1 A C47 I I 1 51.4kDa 
^ H H ^ H H 
P 2 A C 5 5 H ^ ^ ^ H I I 
Fig 3.2 Various truncation mutants of P1 and P2 were developed from 
secondary structure predictions. Schematic diagram summarizing the 
truncation mutants adopted for the study. The construction of P2AC46 was 
originated from the structural information of P2 while other N T D constructs 
were based on secondary structure predictions. P1AC25 was expressed in 
inclusion bodies and P1AC40 and P1AC47 could only be expressed when 
fused with N-terminal His-MBP tag. Meanwhile, P2 N T D s were expressed 
with high solubility. 
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3.2.2 P1 and its truncation mutants were purified in denaturing condition 
P1 and its truncation mutants exhibit a lowered solubility and readily form 
soluble aggregates, the purifications were therefore taken place in the 
presence of 8 M urea, a denaturant, to avoid the problem of aggregation. In 
the course of C-terminal truncation, the solubility of those truncation mutants 
was even lowered. P1AC25 could only exist in the form of inclusion bodies 
while P 1 A C 4 0 and P 1 A C 4 7 could only be expressed in the presence of 
His-MBP fusion tag. 0.5mM P M S F was added to the buffers throughout the 
process as it is essential to avoid any undesirable protein degradation due to 
its instability. A detailed purification procedure is stated in section 2.3.1 and 
purification results are shown in Fig 3.3 and 3.4. 
Inclusion bodies of P1AC25 was dissolved in 2 0 m M Tris, 8 M urea, 2 0 m M 
P-mercaptoethanol, pH 7.8 and purified by HiTrap™ Q H P column 
(Amersham Biosciences) in a 300ml linear gradient of 0 to 0.5M NaCI in urea 
buffer. Next, P1AC25 containing fractions were pooled and mixed with equal 
volume of urea buffer and loaded to HiTrap™ D E A E H P column (Amersham 
Biosciences). The protein was resolved in urea buffer using a 300ml linear 
gradient of 0 to 0.5M NaCI. After S D S - P A G E analysis, the fractions containing 
P1AC25 were collected and refolded by dialysis against 2 0 m M Tris, pH 7.8， 
2 0 m M p-mercaptoethanol, twice, to get rid of urea. 
Soluble fraction of bacterial lysate of HisMBP-P1 A C 4 0 and 
HisMBP-P1AC47 was loaded to Q SepharoseTM Fast Flow column as in 
2.3.1.1 and the flow through was subjected to 8 0 % (w/v) ammonium sulphate 
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precipitation. The precipitate was dissolved in 100ml of 2 0 m M Tris, 0.2M NaCI, 
8 M urea, 2 0 m M p-mercaptoethanol, O.SmM P M S F , pH 7.8 and w a s purified 
using HiTrap™ Chelating H P column charged with Ni^ "" (Amersham 
Biosciences). The protein sample was subjected to a 300ml linear gradient of 
0 to 0.3M imidazole in urea buffer. Fractions containing target protein were 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2.3 P2, P2AC46 and P2AC55 were purified 
The soluble nature of P2 enables the expression and purification of its 
truncation mutants be conducted in an efficient manner and without observable 
aggregation problem when compared with P1. Purification of P2 and its 
truncation mutants was conducted by ion-exchange and size exclusion 
chromatography. Soluble fractions of bacterial lysate were loaded to D E A E 
Sepharose™ Fast Flow column (Amersham Biosciences) and resolved by Tris 
buffer in a 300ml linear gradient of 0 to 0.5M NaCI. 
For P2, target fractions were pooled and mixed with equal volume of 2 0 m M 
Tris, 4 M NaCI, pH 7.8 and loaded into a HiTrap™ Phenyl H P column. The flow 
through was concentrated and set for size exclusion chromatography using 
Superdex™ 200 column. The purification was performed in 2 0 m M Tris, 0.2M 
NaCI, pH 7.8. The P2 containing fractions were dialyzed against 50-fold Tris 
buffer at 4°C overnight to get rid of NaCI. The dialyzed sample was then 
purified by HiTrap™ Q H P column in a 300ml linear gradient of 0 to 0.5M NaCI 
in Tris buffer. The purified protein was exchanged into storage buffer: 2 0 m M 
Tris, 0.2M NasSCX^, pH 7.5 and concentrated using Amicon Ultra (Millipore) for 
storage at -80°C. The purification of P2AC46 and P2AC55 was similar to that 
of P2 but the fractions from D E A E column were loaded directly to Superdex™ 
75 column and Sepharose™ 200 column (Amersham Biosciences) instead. 













































































































































































































































































































































































































































































































3,3 Formation of complexes from P1, P2 and their 
truncation mutants 
Various complexes formed by P1, P2 and their truncation mutants were 
prepared by co-refolding the two constituents in a molar ratio of 1:2 in urea 
buffer as in section 2.4 (Table 2.10). Prior to the removal of urea, purified and 
unfolded P1 (or its truncation mutants) was first mixed with P2 (or its truncation 
mutants) in molar ratio of 1:2. The unfolded protein mixture was co-refolded 
under dialysis against Tris buffer: 2 0 m M Tris, 0.2M NaCI, 2 0 m M 
p-mercaptoethanol, O.SmM P M S F , pH 7.8’ twice, to remove urea. The refolded 
complexes were further purified so as to remove any constituents in excess. 
Their identity and structural homogeneity were confirmed by subsequent 
native and S D S - P A G E analysis. 
3.3.1 P1, P2 and their truncation mutants interact to yield protein 
complexes 
Refolded protein complexes (except P1AC40/P2AC46 and P1AC47/P2AC46) 
were further purified by size exclusion chromatography using Superdex™ 75 
or 200 column (Amersham Biosciences) under Tris buffer so as to get rid of 
excess constituents. Afterwards, the complexes were analyzed using 
native-PAGE and the upshift or downshift in bands denoted complex formation. 
In addition, the bands corresponding to the complexes were sliced from the gel 
and subjected to S D S - P A G E analysis. The presence of two resolved bands 
referring to the two constituents further proved the formation of complex (Fig 
3.6 and 3.7). Complexes formed by P1, P2 and their truncation mutants are 
listed in Table 3.2. 
59 
^ CM 
i § ^ 
I" ^ r" 2 T - CM T " 
a. CL a. ^ €L €L CL 
^^ ^^ ^^ ^^ ^ ^^ ^^ ^^ ^^ ^ ^^ ^^ ^^ ^^ ^^  ^^ ^^ ^^ ^^ ^^  





1 翻 Pi 
W^mW Ipl^p ——P2 
14.4kD I I ^ B 
I^^ BpiSlp iSiiiiS^^^fe 
IUKJI^ ®^ 
i 绍iliiftl^^ ^ 
15% Native-PAGE 15% SDS-PAGE 
Preparation of P1/P2 
Fig 3.6 Ribosomal proteins P1 and P2 interact to form protein complex. 
The protein complex formed by P1, P2 was prepared by co-refolding in the 
presence of denaturant. The purified protein constituents were pooled together 
at molar ratio of 1:2 and unfolded by urea buffer (as stated in section 2.4). The 
protein mixture was re-folded by repeated dialysis against Tris buffer: 2 0 m M 
Tris, 0.2M NaCI, 2 0 m M p-mercaptoethanol, pH 7.8, to get rid of urea. Refolded 
complex was purified using Superdex™ 200 column so as to remove excess 
constituents. Afterwards, target fractions were analyzed using native-PAGE 
and the band of the complex was sliced from the gel and subjected to 
S D S - P A G E analysis. The presence of two resolved bands corresponding to 
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3.4 Perturbation of P2 NTD upon binding with P1 
Although the structure of P1，P2 and their hetero-dimer was yet to be solved, 
structural changes in the NTD of P2 upon dimerization are expected. Similar 
hypothesis was tested in yeast Saccharomyces cerevisiae using NMR 
techniques (Grela et al. 2007). Based on the current structural information of 
human P2 obtained from NMR spectroscopy, we are interested to know how 
the binding of P1 would perturb the N-terminal domain of P2 and see which 
amino acid residues are involved in the dimerization. The effect of perturbation 
can be visualized by the change in chemical shifts in the ^H, ^^N 一 HSQC 
(Heteronuclear Single Quantum Correlation) spectrum. Existing data 
suggested that P2, which bears an unstructured flexible C-terminal, is not a 
good candidate for the HSQC experiment as it gives spectrum with poor 
resolution. Instead, P2AC46 would be a better option as it mainly consists of 
the structured region of P2. 
3.4.1 1h，i5n - HSQC spectrum of P2AC46 changed significantly upon 
binding with P1 
1h, i5n - HSQC experiments for ^^N single labeled P2AC46 and its 
hetero-dimer formed by co-refolding and direct mixing with unlabeled P1 were 
performed in a four-channel Varian Unity I NOVA 750-MHz spectrometer with 
z-axis pulsed-field gradient capabilities for sensitivity enhancement and water 
suppression at 298K. Protein samples were prepared in 20mM Tris, 0.2M 
Na2S04, 20mM P-mercaptoethanol, 5mM DTT, 1:100 PMSF, pH 7.5 and 
concentrated to 1mM and 10% (v/v) D2O were added prior experiments. The 
data were acquired for F1 proton dimension and F2 nitrogen dimension and 
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processed using N M R Pipe and chemical shifts were distributed over the 
spectrum. The H S Q C spectra of both samples look different from each other 
but they both possess a crowded region with peaks in strong intensities from 
8.3 to 7.5ppm and the peaks in the H^ dimension were span from 9.3 to 
6.5ppm (Fig 3.9). 
3.4.2 P1/P2AC46 prepared by co-refolding and direct mixing give the same 
H S Q C spectra 
Similar experiment was performed on P1/P2AC46 complexes prepared by 
co-refolding and direct mixing. It was to testify if the complexes yielded by the 
two approaches were identical. Experimental data showed that both 
complexes give the same degree of perturbation to the ^ H, ^ ^N 一 H S Q C 
spectrum of P2AC46 which suggested that the complexes produced by the two 
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Fig 3.10 P1/P2AC46 prepared by co-refolding and direct mixing were 
identical in HSQC experiments. 2 D H S Q C experiments of P1/P2AC46 
complexes prepared by both co-refolding and direct mixing the constituents 
were performed at 298K. The ^H, ^ ^N 一 H S Q C spectra of the two complexes 
showed the same degree of peak shift and were completely superimposable. 
The result suggested P1 perturbed P2AC46 in the same extend regardless the 
method of complex preparation. 
The spectra of P1/P2AC46 prepared by co-refolding and P1/P2AC46 prepared 
by direct mixing were colored in red and blue respectively. 
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3.5 Discussion 
In this chapter, according to the structural information obtained from N M R 
spectroscopy and secondary structure predictions, various truncation mutants 
of P1 and P2 were prepared. Unlike the case in rat (Gonzalo et al. 2001)，yeast 
(Grela et al. 2007) and silkworm (Naganuma et al. 2007), the C-terminal 
truncation mutants of P1 were far less stable owning to its hydrophobic nature 
which hindered further investigation. P1AC25 could only be expressed in 
inclusion bodies and P 1 A C 4 0 and P1AC47 were unable to be expressed alone. 
The introduction of N-terminal His-MBP-tag to the two mutants enhanced their 
solubility and m a d e the fusion protein expression possible. In contrast, P2 
truncation mutants behave well in the course of C-terminal truncation even in 
the absence of tagging system. The generation of truncation mutant series 
enables the constitution of various P1/P2 N T D complexes for studying the 
minimal domains required for hetero-dimerization. 
The P1/P2 N T D complexes were prepared by co-refolding the constituents 
and purified subsequently. The identity and structural homogeneity of the 
complexes were verified by native and S D S - P A G E . Currently, the minimal 
N T D complexes obtained was P1AC47/P2AC46 (Fig 3.8). 
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Besides, the effect of P1 binding on P2 N T D was also investigated. As 
mentioned, it is believed that P1 would induce changes on the structure of P2 
N T D upon binding and the structural change was examined under ^H, ^ ^N -
H S Q C experiments. Based on the structural information of P2AC46 from N M R 
spectroscopy (Lee, unpublished data), it is expected to identify those amino 
acid residues perturbed by the binding of P1. The perturbations are 
represented by the shift of peaks in the H S Q C spectrum, and those affected 
residues could be figured out by matching with the corresponding shifted peak. 
Our data suggested that the effect of P1 binding on the structure of P2AC46 
was rather dramatic; indeed, it caused an extensive shift of peaks in the H S Q C 
spectrum and led to difficulties in the matching of residues (Fig 3.9). 
Meanwhile, it indicated a considerable number of residues in P2AC46 played a 
role in the hetero-dimerization. To further characterize those residues involved 
in the dimerization, other triple resonance N M R experiments using double (i^C, 
i5n) and triple (D, ^ ^C, labeled P2AC46 should be done, so as to obtain 
comprehensive data for the assignment of shifted peaks in the spectrum. 
In addition, the ^ H , 〜 - H S Q C experiment also revealed the P1/P2AC46 
prepared by co-refolding and direct mixing were identical as both complexes 
resulted in the same degree of peak shift in the H S Q C spectra. Thus, either 
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approach could be used in the complex preparation for later studies (Fig 3.10). 
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Chapter 4 
Stochiometry of P1/P2 complex is revealed by 
light scattering 
4,1 Introduction 
It is widely reported that the P-protein complex in the lateral stalk of 60S 
ribosomal subunit plays a crucial role in protein translation from m R N A . 
Meanwhile, the topological organization of P-protein complex in the ribosomal 
stalk is yet to be defined. A s mentioned in section 1.1, three models 
concerning the spatial arrangement of the pentameric protein complex yielded 
by the three constituents PO, P1 and P2 was proposed (Fig 1.4). A m o n g the 
three models, the first model is made up of PO and homo-dimer of P1 and P2, 
while the remaining two models are built by anchoring P1/P2 complex to PO. 
The second model differs from the third model by the existence of an additional 
interaction between two closely held P1/P2 hetero-dimers when bound to PO. 
In contrast, the two hetero-dimers bind to distinct binding sites on PO in the 
third model. 
Since the P1/P2 complex would apparently consist of two P1 and P2 
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subunits in the second model, as a way to characterize the architecture of the 
complex, the ambiguity whether P1 and P2 interact in 2:2 or 1:1 manners 
should be solved first. In this chapter, the stochiometry of P1/P2 hetero-dimer 
was investigated by static light scattering. Other complexes yielded by various 
truncation mutants were also studied in a similar approach to see if the 
interaction of P1 and P2 would be distorted in the course of C-termini 
truncation. In other words, the minimal domain responsible for their interaction 
was hunted. 
Various techniques are available for the detection of biomolecular interaction, 
such as crosslinking experiment, calorimetric measurements and size 
exclusion chromatography (SEC). Meanwhile, several shortcomings are 
noteworthy when adopting these techniques despite their excellence. 
Commonly used crosslinking experiments involve a wide choice of chemistries 
to bring the interacting partners together. The covalent linkages resulted may 
disrupt the normal m o d e of binding or magnify those non-specific ones. 
Calorimetric measurements such as isothermal scanning calorimetry are only 
applicable to interactions with significant heat changes. While S E C requires 
calibration standards to estimate molecular weight of biomolecules in 
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accordance to their hydrodynamic radius, non-globular shape biomolecules 
often lead to deviations from its absolute molecular weight. 
In contrast, static light scattering is a good alternative to study biomolecular 
interaction as it is non-invasive and independent of external calibration 
standards. The protein sample is examined in solution so that its native 
solution properties can be studied. What is more, the sample m a y be 
recovered for subsequent studies. These make static light scattering a 
standard quality control technique. 
Furthermore, when coupling static light scattering with size exclusion 
chromatography (SEC/LS), the molecular weight distribution of the sample can 
be obtained. SEC/LS detects biomolecular interactions by determining the 
absolute molecular weight of their complexes, which is independent of its S E C 
elution profile. The chromatography component serves solely to fractionate the 
sample such that the molecular weight of each fraction is determined by the 
downstream light scattering (LS) and refraction index (Rl) detectors. The LS 
and Rl detectors measure the scattered light intensity and the concentration of 
biomolecule respectively. The two-detector system measures the absolute 
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molecular weight by the following equation: 
M W = K (LS / RI) 
where M W denotes the measured absolute molecular weight 
LS denotes the intensity of scattered light, 
RI denotes the refractive index, 
K denotes the calibration constant. 
The calibration constant is derived from running protein standards, in which 
the specific refractive index increment, dn/dc, is one of the crucial components 
for determining the concentration of protein as well as the molecular weight 
from the two detectors. For protein molecules (without carbohydrates), the 
dn/dc value is almost independent of amino ac'd composition and is found to 
be 0.185ml/g. Thus, the limitation of S E C in studying non-globular shape 
biomolecule is compensated by the two-detector system. 
In this study, purified proteins and complexes were subjected to SEC/LS 
analysis for the determination of tneir stochiometries. The protein samples 
were first fractionated by Superdex™ 75 or 200 column (Amersham 
Biosciences), and the LS and Kl signals were collected by two downstream 
detectors: LS detector - miniDAWN and RI detector 一 Optilab® DSP. The 
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distribution of molecular weight was obtained by calculating the acquired data 
using A S T R A . 
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4.2 P1 and P2 interact in 1:1 molar ratio 
4.2.1 Purified P2 exists as homo-dimer in solution 
A s mentioned, P2 w a s previously shown to form homo-dimer in crosslinking 
and yeast-two-hybrid experiments.卜iowever, the in solution property of the 
homo-dimer w a s still unknown. 
Purified P2 w a s set for SEC/LS analysis, protein sample w a s concentrated 
to 3 to 5mg/m丨 and loaded into SuperdexTM 200 column (Amersham 
Biosciences) equilibrated with 2 0 m M Tris, 0.2M NaCI, 2 0 m M 
p-mercaptoethanol, pH 7.8. The resolved fractions were directed to the 
downstream detectors for recording light scattering (LS) and refractive index 
(Rl) signals. The experiment was conducted under a flow rate at O.Sml/min at 
room temperature. Molecular weight of protein sample was determined by 
analyzing the acquired LS and Rl data using A S T R A calculations. Throughout 
the calculations, a dn/dc value of 0.185mi/g and iit degree of 0 were used. 
According to the SEC/LS analysis, the absolute molecular weight of P2 in 
solution w a s found to be 21.7kDa. Since li .e monomelic molecular weight of 
P2 is 11.7kDa, thus P2 was proven to be a homo-dimer in solution (Fig 4.1). 
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4.2.2 The stochiometry of P1/P2 complex is 1:1 
With reference to previous chapter, P1/P2 complex w a s prepared by two 
different approaches, by co-refolding or mixing the two constituents in molar 
ratio of either 1:2 or 2:1 in 2 0 m M Tris, 0.2M NaCI, 2 0 m M P-mercaptoethanol, 
pH 7.8. The structural homogeneity of the complexes was confirmed by 
subsequent native and S D S - P A G E analysis (section 3.3). SEC/LS analysis of 
P1/P2 complexes prepared by different methods w a s performed using 
Superdex™ 200 column as in section 4.2.1，and their molecular weights were 
close to each other. (Fig 4.1 and 4.2) Since the calculated molecular weight of 
P1 and P2 are 11.5kDa and 11.7kDa respectively, P1/P2 complex should 
consist of one P1 and one P2 (Table 4.1). 
Table 4.1 - Molecular weights of P1/P2 complexes prepared by mixing 
and co-refolding 
P1/excessP2 P1/excess P2 excessP1/P2 excessP1/P2 
P1/P2 Complexes 
Co-refolding Mixing Co-refolding Mixing 
Absolute MW 22.1 kDa 21.5kDa 23.1 kDa 22.0kDa 
*MW of P1 and P2 are 11.5kDa and 11.7kDa respectively 
Calculated MW of P1/P2 complex is 23.2kDa (Assuming 1:1 binding) 
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molar mass vs. volume 
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Fig 4.1 Stochiometry of P1/P2 complexes prepared by co-refolding was determined to 
be 1:1 by SEC/LS. Purified P1/P2 complex was fractionated by analytical size exclusion 
chromatography using Superdex™ 200 column (Amersham Biosciences), which was 
equilibrated with Tris buffer. The resolved fractions were examined by downstream light 
scattering (LS) and refractive index (Rl) detectors under a flow rate at 0.5ml/min at room 
temperature. Data obtained were analyzed by ASTRA calculations, and dn/dc value of 
0.185ml/g and fit degree of 0 were used. 
Molecular weight of P1/P2 dominant species was found to be 22.1 kDa. Since the monomeric 
molecular weight of P1 and P2 are 11.5kDa and 11.7kDa respectively, thus P1/P2 complex is 


















































































































































































































































































































































































































































































4,3 Stochiometries of P1 and P2 truncation mutant 
complexes varied from the full-length counterparts 
To reinforce the finding that the N-terminal domains of P1 and P2 are 
responsible for their dimerization, other complexes formed by truncation 
mutants of P1 and P2 were also analyzed by SEC/LS as in section 4.2.1 to 
look for their stochiometries. It is to test whether the interaction between P1 
and P2 would be disrupted by excessive C-terminal truncation of both proteins. 
4.3.1 P2AC46 and P2AC55 exist as homo-dimer in solution 
Similar to P2, SEC/LS analysis of P2AC46 and P2AC55 showed that they 
both exist as a homo-dimer in solution with the absolute molecular weights are 
12.8kDa and 12.1kDa respectively. (Fig 4.3 and 4.5) (Table 4.2). 
Table 4.2 - Molecular weights of P2 and its truncation mutants 
Protein P2 P2AC46 P2AC55 
Calculated MW 11.7kDa 7.2kDa 6.3kDa 
Absolute MW 21.7kDa 12.8kDa 12.1kDa 
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4.3.2 P1/P2AC46, P1AC25/P2 and P1AC40/P2AC46 retain the 
hetero-dimeric stochiometry of 1:1 
Complexes yielded by truncation mutants were set for SEC/LS analysis and 
their stochiometries were found to be the same as their full-length counterpart 
(Fig 4.3 and 4.4). As the absolute molecular weight of P1/P2AC46, P1AC25/P2 
and P1AC40/P2AC46 were in agreement with the sum of the constituents' 
calculated monomeric molecular weight; thus, their stochiometries were also 
1:1 (Table 4.3). 
Table 4.3 一 Molecular weights of complexes yielded by truncation 
mutants of P1 and P2 
P1/P2AC46 P1AC25/P2 P1AC40/P2AC46 
Complexes 
Co-Refolding Co-Refolding Co-Refolding 
Calculated MW 
18.7kDa 20.2kDa 14.7kDa 
(Assume 1:1 binding) 
Absolute MW 18.2kDa 20.3kDa 14.3kDa 
*MW of P1, P1AC25 and P1AC40 and are 11.5kDa, 8.6kDa and 7.5kDa respectively. 
MW of P2 and P2AC46 are 11.7kDa and 7.2kDa respectively. 
82 
4.3.3 P2AC55 involved complexes show a different stochiometry 
Unlike other P1/P2 complexes, P1/P2AC55 and P1AC25/P2AC55 showed a 
different stochiometry under SEC/LS analysis (Fig 4.5). Instead of yielding 
hetero-dimers with stochiometries of 1:1, both P1 and P1AC25 interact with 
P2AC55 in a molar ratio of 1:2 in solution (Table 4.4). Interpretation of this 
unusual observation will be detailed in later section. 
Table 4.4 - Molecular weights of P2AC55 involved complexes 
Complexes P1/P2AC55 P1AC25/P2AC55 
Absolute MW 25.7kDa 19.9kDa 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































molar mass vs. volume 
3 加 • P I /P2AC55 (Superdex G200) 25.7kDa 
• P1AC25/P2AC55 (Superdex G75) 19.9kDa 
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Fig 4.5 P2AC55 involved complexes show a stochiometry of 1:2. a) Both P1/P2AC55 
(25.7kDa) and P1AC25/P2AC55 (19.9kDa) did not retain the original stochiometry as in their 
full-length counterpart. The P2AC55 content in the complexes was found be twice as much 
as P1 and P1AC25. It is speculated that P2AC55 did not retain its native structure and 
interact with P1 and P1AC25 in a different manner, b) Fractions obtained from SEC/LS were 
analyzed by SDS-PAGE to re-confirm the identity of the complexes. 





































































































































































































































































































































































































































































































































































































































8 7  
crosslinking experiments suggested that a P1/P2 complex of about 28kDa w a s 
yielded, its stochiometry w a s still unknown owning to its undefined 
hydrodynamic volume (Tchorzewski et al. 2003，Grela et al. 2007). With the 
help of SEC/LS, the P1/P2 complex w a s proven to be a hetero-dimer in 
solution with molar ratio of 1:1 (Fig 4.1 and 4.2). This information is crucial to 
solve the ambiguities of how the hetero-dimer binds to the PO in the P-protein 
complex. A s mentioned, the two proposed models involving the P1/P2 
hetero-dimer can be distinguished by the spatial arrangement of P1 and P2. 
The current stochiometry possibly suggests that, the building block P1/P2 
complex should be m a d e up of one P1 and P2 subunit. Thus, PO, instead of 
possessing binding sites for two proximally held P1/P2 complexes, the two 
hetero-dimers anchored to it should be located far from each other. 
Besides, the P1/P2 complex studied were mostly generated by 
unfolding/co-refolding the constituents in the presence of denaturant such as 
guanidine and urea. W e were also interested to see if the s a m e complex 
could be yielded by simply mixing the native constituents together. 
Complexes produced by the two approaches were again analyzed under 
SEC/LS and were shown to have no significant deviation in absolute 
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molecular weight (Table 4.1). Meanwhile, as the purification of P1 involved a 
denaturing stage, the P1/P2 complex (including other complexes generated 
by truncation mutants) was produced by unfolding/co-refolding in the rest of 
the study. 
To further study how P1 and P2 interact with each other, w e were 
interested to the effect of C-termini truncation of the two proteins to their 
mode of interaction. It was expected to see the disruption of the original 
stochiometry of P1/P2 complex upon excessive truncation from the C-termini. 
Recent studies speculated that the N-terminal domains (NTDs) of P1 and P2 
are responsible for their interaction. N M R experiment and S E C analysis 
showed the N T D s of P1 and P2 play roles in their interaction (Grela et al. 
2007) and later domain swapping experiments further strengthened the point 
(Naganuma et al. 2007). In order to have a better definition of the minimal 
N T D s required for the hetero-dimerization, several complexes composed of 
various truncation mutants of P1 and P2 were generated. SEC/LS data 
suggested that P1/P2AC46, P1AC25/P2 and P1AC40/P2AC46 were all able 
to retain the original stochiometry of 1:1 in the course of C-termini truncation 
(Table 4.3). In particular, the SEC/LS data of P1AC25/P2 illustrated the 
89 
disagreement in molecular weight estimation that may exist between S E C 
and SEC/LS analysis. As shown in Fig 4.4a, P1AC25/P2 (20.3kDa) was 
eluted earlier than P2 (21.7kDa) despite its smaller molecular weight in 
solution as determined by SEC/LS. It was a typical illustration of the 
characteristic of S E C analysis, in which the biomolecular elution profile is 
correlated with the hydrodynamic radius. The correlation often leads to 
deviation in the molecular weight estimation of non-globular biomolecule. By 
coupling S E C with LS, the molecular weight of biomolecule can be estimated 
in a more objective manner. 
It is noteworthy that those complexes consist of P2AC55 did not follow the 
original stochiometry of P1/P2 complex. From the result, despite both 
P1/P2AC55 and P1AC25/P2AC55 were able to yield a stable complex as 
shown in native-PAGE analysis, they were revealed to have a different 
constitution that a single P1 or P1AC25 interacts with two P2AC55 subunits 
(Table 4.4). Although those complexes formed were appeared to be stable in 
native-PAGE analysis, the interaction involved may not be a specific one. The 
change in stochiometry may indicate the native structure of the P2 NTD, 
which is believed to take part in the dimerization, was disrupted in the course 
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of C-terminal truncation. Speculations on the spatial arrangement of those 
complexes consist of P 2 A C 5 5 are then made. First, the disrupted P2 N T D 
dimer might bind directly onto the P1 or P1AC25 counterpart. Second, it is 
also possible for the over-truncated P2 N T D to exploit the binding site that is 
originally designated for PO to bind onto P1. The former can be verified by 
comparing the structures of P2 with its disrupted N T D , while the latter can be 
testified by preparing a complex consists of PO, P1 and P2AC55. If the 
original stochiometry is restored in the presence of PO, the speculation is said 
to be true. 
In conclusion, w e suggest the minimal domain boundary of P2 for the 
hetero-dimerization is limited to the first 60 to 69 residues from the N-terminal, 
i.e. ranging from P2AC46 to P2AC55. O n the other hand, the minimal domain 
of P1 responsible for hetero-dimerization should at least involve the first 74 
residues (denoted by P1AC40). Further analysis should be done by raising 
new truncation mutants so as to come up with a better definition of the 
minimal domain boundaries. 
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Chapter 5 
Binding kinetics of P1/P2 complex studied by 
surface plasmon resonance 
5.1 Introduction 
The instability of P1 has been reported extensively and soluble aggregate 
is readily formed. In contrast, it was illustrated that the presence of its more 
stable counterpart, P2, helped in stabilizing P1. The two ribosomal proteins 
yield a stable hetero-dimeric complex having a molar ratio of 1:1 in an 
efficient manner once they are in contact. Besides averting P1 from forming 
soluble aggregate, the formation of hetero-dimeric complex also indicates the 
disruption of P2 homo-dimer. Thus, the complex formation also leads to an 
interesting question, are P1 and P2 having higher affinity towards their 
counterpart in giving hetero-dimeric complex than forming aggregate or 
homo-dimer? 
A recent yeast-two-hybrid experiment suggested the formation of P1/P2 
hetero-dimer was shown to have greater tendency over their respective 
oligomeric structure (Tchorzewski 2002). Meanwhile, kinetic parameters 
about P1 and P2 are yet to be investigated. Investigation of their binding 
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preferences helps in solving the current disputes whether the homo- or 
hetero-dimeric structure is more favorable in the ribosome. In this chapter, 
kinetic studies on the interaction between P1 and P2 would be conducted 
with a promising technology, Surface Plasmon Resonance (SPR). The 
system adopted in the study is known as BIAcore 3000 which enables kinetic 
parameters to be measured with high sensitivity, resolution and dynamic 
range. The minimal sample consumption is another added advantage over 
similar techniques. 
In short, S P R can be used to detect biomolecular interaction by the 
changes in the local refractive index of a ligand coupled metal sensor chip 
surface. In order to detect an interaction, the gold film on the sensor chip 
surface, which is essential for generating S P R signal, is coupled with a ligand. 
its binding partner, the analyte, is then injected to the running buffer and 
allowed to pass through the sensor surface. Upon binding with the analyte, 
changes in mass on the sensor surface are detected as changes in refractive 
index and in turn cause the angular response in S P R signal (0SPR). The 
response changes are measured continuously to form a sensorgram, which 
provides a complete record of the association / dissociation cycle of the 
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interaction. 
The association rate constant (kon) of the interaction was studied during the 
injection of analyte over ligand surface, while the monitoring of dissociation 
rate constant (koff) began once the analyte injection ended (Fig 5.4). The 
sensor surface is regenerated between analysis cycles and the life time of 
the sensor surface is limited by the activity of the attached ligand. 
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5.2 Kinetic parameters of P1 and P2 interaction is 
revealed by Surface Plasmon Resonance 
5.2.1 P2 w a s coupled to C M S sensor chip surface for kinetic studies 
In this study, the ligand P2 was covalently immobilized onto the C M 5 
sensor chip (GE Healthcare), while the analyte P1 w a s in the running buffer: 
1 0 m M H E P E S , 1 5 0 m M NaCI, 3 m M E D T A , 0.005% (v/v) Tween 20, pH 7.4 
and passed the sensor chip surface under continuous flow. The sensor chip 
surface w a s regenerated using 0.1M Glycine, 0.5M NaCI, pH 3，after each 
association / dissociation cycle. 
The chemistry of ligand coupling involved crosslinking the primary amide 
groups (N-terminal amides and Lysine side chain amide groups) of P2 with 
the hydrophilic carboxymethylated (CM) dextran matrix using the Amine 
Coupling Kit (GE Healthcare) (Fig 5.1). P2 (5|ag/ml) w a s injected to the 
activated sensor chip surface for immobilization until the response unit 
reached 〜1000RU. The loosely bound P2 was washed with 1 M 
Ethanolamine-HCI (pH 8.5) and any excess reactive group was thus 
deactivated. A control sensor surface was also prepared in the similar 
approach with the missing out of ligand P2. This is to account for any 
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background response due to non-specific binding to the matrix. 
5.2.2 Reduction of basal response after the binding of P1 
Before any kinetic study was held, the freshly prepared P2 sensor chip 
surface was subjected to a constant flow of P1 at 30|jl/min for 4 minutes 
followed by dissociation and regeneration. After the binding, a downshift of 
basal response unit in the sensorgram was observed. This phenomenon 
occurs only in the binding of P1 to the sensor chip surface freshly coupled 
with P2. No further significant reduction in basal response was observed, and 
a stable baseline was regenerated hereafter (Fig 5.2). Besides, a reduced 
change in response unit (ARU) due to the change in mass on the sensor 
surface upon the binding of P1 is also observed. The implication of these 
exceptional observations will be discussed in the later section of this chapter. 
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Fig 5.1 Coupling of P2 to the CMS sensor chip dextran surface using 
amine chemistry. T h e hydrophilic carboxymethylated ( C M ) dextran matrix 
w a s activated using 0.4M E D C and 0.1M N H S . P 2 (5|Lig/ml) w a s introduced at 
5^1/min and crosslinked to the sensor chip surface by its primary amide 
groups. After the immobilization level reached the target of 〜10OORU，1M 
Ethanolamine-HCI w a s introduced to w a s h out loosely bound P 2 and to 
deactivate any excess reactive group. Similar treatment w a s applied to a 
control sensor surface in the absence of ligand P2. T h e life time of the sensor 
chip surface is dependent on the activity and integrity of the ligand. 
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Sensorgram showing the binding of P1 to freshly immobilized P2 
causes the downshift of baseline 
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Fig 5.2 The downshift of basal response and reduction of actual change 
in response unit were observed after the binding of P1 to 
immobilized P2. After P2 w a s freshly coupled onto the sensor chip surface, 
the ist introduction of P1 resulted in the downshift of baseline in the 
dissociation phase and the reduction of actual change in response (ARU) due 
to protein binding. However, no further significant downshift of baseline w a s 
observed thereafter and the actual change in response w a s also restored in 
the subsequent injections of P1 onto the surface (as shown in the S""^  and 
introduction of P1). 
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5.2.3 P1 induced a greater change in response unit compared to P2 upon 
binding with immobilized P2 
In order to testify whether P1/P2 hetero-dimer is preferred over P2 
homo-dimer, the s a m e amount of P1 and P2 was introduced to the sensor 
surface at a constant flow of 30|jl/min and the changes in response unit (ARU) 
is shown in the sensorgram (Fig 5.3). The A R U induced by P1 (〜70RU) upon 
binding with immobilized P2 was significantly greater than that caused by P2 
(〜15RU). The implication of the difference in A R U will be discussed in later 
section. 
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Fig 5.3 P1 induced a greater change in response than P2 upon binding 
with immobilized P2. T w o 12kDa proteins P1 and P2 were applied 
respectively to the P2 immobilized sensor chip surface in s a m e concentration 
(20|JM). The change in response caused by P1 (〜70RU) w a s significantly 
greater than that of P2 (〜15RU). The difference suggests immobilized P2 has 
a greater affinity to interact with P1 and form P1/P2 hetero-dimer than form 
P2 homo-dimer. 
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5.2.4 Kinetic parameters of P1 and P2 interaction w a s studied by 
introducing P1 to the sensor chip surface 
Various concentrations of P1 (ranging from 60|JM to 3.75|JM) were applied 
to the sensor surface in a constant flow of 30|jl/min for 4 minutes at room 
temperature. After the system had reached equilibrium, the dissociation 
phase w a s monitored under a constant flow of running buffer for an additional 
10 minutes for bringing the signal back to the basal level. Prior to a new 
association / dissociation cycle, regeneration buffer was applied to the sensor 
surface for 1.5 minute to remove any tightly bound P1 and give a consistent 
and steady baseline. Control experiment was performed with an uncoupled 
sensor chip simultaneously in the same manner. Kinetic information of the 
association / dissociation cycle was monitored and collected by BIAcore 3000 
Control Software. 
Response changes obtained from the sensorgrams was analyzed in two 
approaches to come up with the equilibrium dissociation constant, Kd, which 
represents the binding affinity of P1 and P2. The first way was by fitting the 
signal changes to the 1:1 Langmuir binding isotherm, while the second was 
by deriving the dissociation constant from the responses at equilibrium of 
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each concentration of P1. 
5.2.5 Dissociation constant derived from 1:1 Langmuir binding isotherm 
BIAevalution version 4.1 (GE Healthcare) was adopted to work out the 
kinetic parameters by curve fitting using the 1:1 Langmuir binding isotherm. 
The binding model assumes the simplest mode of interaction, which is 
applicable in most cases. In the assumption, the analyte (A) is monovalent 
and homogenous and the ligand (L) is homogenous as well. Individual 
binding events are independent and the following situation holds, 
A + L ^ A L 
Then, the dissociation constant of P1 and P2 was obtained by dividing Koff 
by KON. The KD of the P1 and P2 interaction was 17.3+4.0|JM (Table 5.1) (Fig 
5.4) 
Table 5.1 ~ Kinetic parameters and dissociation constant of the 
interaction between ribosomal protein P1 and P2 derived from 
1:1 Langmuir binding isotherm 
Kon(M-is-i) Koff(s-i) *Kd(M) 
6.60+0.72 X 102 1.15+0.38 x 10-2 1.73+0.40 x 10"^ 
* where Kd = Koff/ Kon 
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5.2.6 Dissociation constant derived from responses at equilibrium (Req) 
The dissociation constant was also derived from the responses at 
equilibrium (Req) of each concentration of P1. For each concentration of P1, 
the response unit at equilibrium was plotted against P1 concentration. The 
dissociation constant w a s determined by curve fitting using the following 
relation: 
Req=RmaxX[P1]/(Kd + [P1]) 
where Req denotes the response unit at equilibrium, 
Rmax denotes the maximum response unit and 
[P1] denotes the concentration of P1. 
The dissociation constant of P1 derived from the response unit at 
equilibrium was 21.0+1.5|JM (Fig 5.5). 
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Fig 5.4 Interaction between acidic ribosoma/ protein P1 and P2 
evaluated in vitro by BIAcore 3000. Various concentration of P1 (ranging 
from 60 to 3.75|JM) was introduced to P2 coupled sensor chip surface at 
30[jl/min, 25°C for 4 minutes, followed by a dissociation phase of 10 minutes. 
Continuous changes in response were monitored and kinetic information, 
association rate constant (kon) a n d dissociation rate constant (kott), obtained 
w a s used to derive the dissociation constant (Kd) of the interaction. After 
replicating the m e a s u r e m e n t for three times, the kon and kotr was found to be 
6.60+0.72x1 and 1.15+0.38x10'^s''' respectively. From the relation，Kd 
=Koff/ Kon, the dissociation constant between P 1 and P2 was 
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Fig 5.5 Dissociation constant of P1 and P2 interaction was found to be 
21.0+1.5|jM by fitting the change in response at equilibrium. For each 
concentration of P1 (ranging from 60 to 3.75|JM), the response unit at 
equilibrium (Req) w a s employed in the estimation of equilibrium dissociation 
constant (Kd). Req w a s plotted against the concentration of P1 ([P1]) and their 
relation w a s fitted using the following equation, Req = Rmax x [P1] / (Kd + [P1]). 
From the relation, the KD w a s 21.0+1.5|JM and the m a x i m u m response unit 
Rmax w a s 181.3±5.5Rll 
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5,3 Discussion 
Current evidence suggests that P1 is rather unstable and aggregate easily 
(Tchorzewski 2002). While it is mentioned in the previous section that P2 
exists in homo-dimer and by itself and yields a stable complex with P1 in 1:1 
molar ratio which is proven by static light scattering experiment. The 
existence of homo- and hetero-dimer was also addressed by other scientists. 
Tchorzewski reported the presence of cytosolic P2 homo-dimer (Tchorzewski 
et al. 2003b), while others concluded that the P1/P2 hetero-dimer takes an 
pivotal role in the assembly of P0(P1-P2)2 P-complex in the ribosomal stalk 
(Gonzalo et al. 2001). The co-existence of the two populations now leads to 
an interesting issue about their binding preferences, i.e. which status do they 
prefer, homo- or hetero-dimer? 
As a first step to tackle the question, w e tried to work out the binding 
kinetics between P1 and P2 in this chapter. Since they can result in a stable 
complex in an efficient manner with known stochiometry, kinetic parameters 
about their interaction was evaluated using BIAcore 3000 surface plasmon 
resonance technology. The ligand P2 was coupled to the sensor chip surface 
via amine chemistry and its binding with the analyte P1 was monitored 
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continuously. Since P2 naturally exists as homo-dimer, it is also concerned 
that how P2 actually was immobilized. 
The reduction in basal response in the first P1 binding mentioned in section 
5.2.2 provided s o m e insights for the ambiguity. It is speculated that P1 would 
displace those monomeric P2 which is not directly immobilized to the sensor 
chip surface. W h e n P2 was freshly coupled to the sensor chip surface, most 
of the P2 dimers were crosslinked to the matrix while a portion of monomeric 
P2 was left un-immobilized and bound to the coupled P2 (Fig 5.6). The 
monomeric P2 was then displaced by P1 once they were in contact and 
P1/P2 heter-dimeric complex was formed. Thus, the un-immobilized 
monomeric P2 was taken away from the sensor chip surface by the buffer 
flow and resulted in reduced mass and response unit. As a result, 
subsequent introduction of P1 would bind only to those immobilized P2 and 
the actual change in response unit (ARU) was restored. In addition, no further 
significant downshift in basal response was observed thereafter. Moreover, a 
significant difference in A R U was observed when the same concentration of 
P1 (〜70RU) and P2 (〜15RU) were introduced to the P2 immobilized sensor 
surface (Fig 5.3), which further strengthens the point that the formation of 
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hetero-dimer is preferred over homo-dimer. These findings contribute to the 
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Fig 5.6 An illustration of loss in un-immobilized P2 monomer from the 
freshly coupled sensor chip surface in the binding of P1. W h e n P2 
w a s freshly coupled to the sensor chip surface, it is thought that most of the 
P2 dimers were covalently crosslinked to the matrix while a portion of 
un-immobilized P2 m o n o m e r would bind to the coupled P2. The introduction 
of P1 to the freshly prepared P2 sensor chip surface induced the formation of 
P1/P2 complex with the un-immobilized P2, which w a s then washed off by 
the buffer flow. It caused a permanent loss in m a s s on the sensor chip 
surface and w a s reflected in the reduction of basal response. Similarly, the 
reduced change in response (ARU) w a s due to decreased availability of P1 to 
bind with immobilized P2. 
N o further m a s s loss w a s observed which suggested all P2 remained are 
attached firmly to the matrix. Subsequent bindings of P1 would be directly 
onto those immobilized P2 thereafter and the A R U w a s restored. 
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Furthermore, w e were interested to investigate the binding affinity between 
P1 and P2. Various concentrations of P1 were introduced and the changes in 
response unit (ARU) were recorded. Two approaches were adopted to derive 
the equilibrium dissociation constant, Kd, which stands for the binding affinity 
(5.2.5 and 5.2.6). Both Kd w a s agreed in the same order of magnitude 
(17.3+4.0 and 21.0+1.5|JM respectively), which is an important internal test 
for its validity. Similar analysis was conducted to study the interaction within 
the P2 homo-dimer. Owning to the high tendency for P2 to form homo-dimer, 
the response changes due to the interaction between the analyte and the 
ligand m a y be insignificant, if there was any. 
However, it is noteworthy that all parameters were observed values only as 
the actually mechanism of interaction between P1 aggregate and P2 dimer is 
yet to be known. Several assumptions were m a d e in these studies. First, the 
analyte, P1, was monovalent and homogenous while the ligand, P2, was 
homogenous as well. The fact is that P2 contains five Lysine residues in its 
N-terminal domain which is believed to take a crucial role in the dimerization. 
The rich Lysine content may cause the interruption of binding domain during 
crosslinking and lowered the binding level. Also, as the binding of P1 and P2 
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is largely a reversible process, thus the association rate constant observed 
(kobs) w a s actually a combined effect of association and dissociation occurred 
simultaneously. Thus the actual association rate constant kon should be 
obtained by knowing the kobs and concentration of P1 according to the 
following relation, 
kobs = kon X[P1] + koff 
The ligand immobilization was maintained at a modest level of about 
1000RU for kinetic studies. It is to avoid any mass transfer effect which m a y 
occur at high surface density of ligand on the sensor surface. The high 
immobilization level m a y cause underestimation of the actual kon when the 
rate of analyte binding to ligand exceeds the rate of analyte delivery to the 
surface. To check for mass transfer effect in a kinetic measurement, it can be 
recognized by varying the injection flow rate and the s a m e association and 
dissociation rate constant should be arrived if the effect is absent. Mass 
transfer effect can best be improved at lower levels of immobilization, 
however, the trade-off is lowered response unit. The problem of ‘re-binding，in 
the dissociation phase is also a consequence of high levels of immobilization. 
The re-binding of dissociated analyte to the ligand before leaving the sensor 
surface again leads to underestimation of the dissociation rate constant. 
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Chapter 6 
Conclusion and discussion of the study 
The current work advanced the study of interaction between P1 and P2 by 
constructing stable N-terminal domain (NTD) complexes that resemble the 
structural integrity and stochiometry to the full-length complex. In addition, 
perturbation studies revealed the influence of P1 on the structure of P2 N T D . 
What is more, the quantification of binding affinity of P1 and P2 established a 
foundation for upcoming kinetic studies concerning the P-protein complex. 
As the dimerization of P1 and P2 is thought to be mediated by their N T D s 
(Gonzalo et al. 2001)，thus, research focus was on the N T D complexes. It 
was proven that the first ten amino acid residues are crucial in P-protein 
dimerization (Naganuma et al 2007). The construction of N T D s of P1 and P2 
were based on the N M R information of P2 and secondary structure prediction 
of P-proteins. The mutants were thus prepared by C-terminal truncation and 
cloned for recombinant protein expression. Purified P-proteins as well as 
their truncation proteins were co-refolded to yield various P1/P2 (and NTDs) 
complexes. The identity and structural homogeneity of the complexes were 
112 
verified by native- and S D S - P A G E . P2 and its truncation mutants, as well as 
the stable N T D complexes were subsequently examined by static light 
scattering. Stochiometric data demonstrated the dimeric nature of P2 and its 
N T D s in solution, while each P1/P2 hetero-dimer was constituted by one P1 
and one P2 molecule. SEC/LS analysis found that P1AC40/P2AC46 is the 
smallest N T D complex up to date that resembles the same stochiometry to 
the native P1/P2 complex. Meanwhile, over-truncation on the P2 N T D 
resuKed in deviated stochiometry, P1AC25/P2AC55 was found to be 
constituted by one P1AC25 and two P2AC55 molecules (Fig 6.1). Deviation 
from the native complex stochiometry indicates the minimal domain boundary 
of the P2 N T D should lie between P2AC46 and P2AC55. Further refinement 
within this region can help giving a better definition about the P1/P2 N T D 
complex. 
Having known that P1 and P2 dimerize by their N-terminal domains, it 
would be informative to look into the architecture of their complex. Previous 
reports concerning the change in structural content upon the formation of 
P1/P2 hetero-dimer agrees with our current findings (Zurdo et al. 2000b). By 
means of N M R spectroscopy, it is observed that P1 would lead to extensive 
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perturbation on the structure of P2. In concert with the structural information 
obtained from P 2 A C 4 6 (Lee, unpublished data), it is expected to m a p the 
dimeric interface of the P1/P2 hetero-dimer and characterize those residues 
involved in the dimerization. To move a step forward, the formation of P1/P2 
N T D complex can also help in solving the structure of P1. The unstable 
behavior of P1 hinders further investigation of its structural and biological 
information (Grela et al. 2007)，thus forming stable complex with P2 provides 
an alternative to the goal. By refining our scope to the P1/P2 N T D complexes, 
the N T D of P1 should be the foremost target for structure solving. 
Aggregation of P1 has been a major setback to the research on relative 
tendency of homo- or hetero-dimerization of P-proteins (Zurdo et al. 2000b, 
Tchorzewski et al. 2002). Making use of surface plasmon resonance (SPR), 
the binding affinity between P1 and P2 was studied and the dissociation 
constant of the interaction was reported to be 〜20|jM. This approach is 
influential to the investigation of P-proteins as it enables the study of the 
kinetic parameters in the assembly of P-protein complex, as well as the many 
interactions with other factors such as elongation factors (Uchiumi et al. 1990, 
Bargis-Surgey et al. 1999) and ribosome-inactivating protein (Chan et al. 
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2007). 
S P R data also suggested that P1/P2 hetero-dimer is preferred over P2/P2 
homo-dimer. Together with previous finding about the stochiometry of P1/P2 
complex, s o m e conclusion concerning the spatial arrangement of the 
P-protein complex can be drawn. In short, taking the cellular instability of P1 
and the higher tendency of hetero-dimerization of P1 and P2 into account, it 
is unlikely for P1 and P2 homo-dimers to anchor directly onto PO. Instead, 
P1/P2 hetero-dimer should be the major building block of the pentameric 
complex, and this speculation is agreed with other reports (Gonzalo et al. 
2001，Krokowski et al. 2006). Furthermore, SEC/LS revealed that P1/P2 
hetero-dimer should be composed of one P1 and one P2 molecule only. This 
composition strengthens the thought that PO has two separate binding sites 
for P1/P2 complexes as there is no indication that two P1/P2 complexes 
would c o m e close to form a larger entity to bind with PO. Thus, the two P1/P2 
complexes should not be proximal to each other. 
Last but not least, the higher tendency of P1/P2 hetero-dimerization m a y 
help to account for the pivotal role of P1 in the assembly of lateral stalk 
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despite its cellular instability (Gonzalo et al. 2001). It is assumed that the 
newly synthesized P1 is awaited by the stable P2 homo-dimer. The 
emergence of P1 would then displace the P2 from its homo-dimer and 
forming P1/P2 complex. P1 is said to be stabilized in the complex formation 
and the increase in structural content of P1 enables it to gather PO and P2 in 
the assembly of P-protein complex. This hypothesis once again rules out the 
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Fig 6.1 Schematic diagram summarizing various P-protein complexes 
formed and their stochiometric information. A number of N-terminal 
domain (NTD) complexes of P-protein were prepared and w a s aimed to look 
for the minimal domain responsible for the dimerization of P-proteins. 
Stochiometry of P-protein complexes w a s examined by static light scattering 
and the native P1/P2 complex w a s found to be composed of one P1 and one 
P2 molecule. In the course of C-terminal truncation, protein complexes 
involving P 2 A C 5 5 resulted in deviated stochiometry in which the complex 
w a s constituted by two P 2 A C 5 5 molecules. P 1 A C 4 0 / P 2 A C 4 6 is the smallest 
N T D complex reported up to date. 
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Appendix 
Sequence of primers 
P1 and its truncation mutants: 
P1-Ndel N-terminal Forward: forward primer for the amplification of P1 gene 
with a Ndel restriction site and a start codon 
5’ G T G A A T T C C A T A T G G C C T C T G T C T C C G A G 
P1-BamHI C-terminal Reverse: reverse primer for the amplification of P1 gene 
with a BamHI restriction site and a stop codon 
5' C G A G G A T C C T T A G T C A A A A A G A C C A A A G C C 
P1AC25-BamHI C-terminal Reverse: reverse primer for the amplification of 
P1 gene with the truncation of 25 amino acid residues from the C-terminal, 
including a BamHI restriction site and a stop codon 
5’ C G A G G A T C C T T A A G C T G G A G C A G C A G C A G T 
N-terminal His-MBP tagged proteins: 
P1-BamHI N-terminal Forward: forward primer for the amplification of P1 
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gene with a B a m H I restriction site and a start codon 
5' A T A G G A T C C A T G G C C T C T G T C T C C G A G 
PlAC40-EcoRI C-terminal Reverse: reverse primer for the amplification of P1 
gene with the truncation of 40 amino acid residues from the C-terminal, 
including a EcoRI restriction site and a stop codon 
5， C G A G A A T T C T T A T G C A C C T G C T G C C G G T G C 
P1AC47-EcoRI C-terminal Reverse: reverse primer for the amplification of P1 
gene with the truncation of 47 amino acid residues from the C-terminal, 
including a EcoRI restriction site and a stop codon 
5， C G A G A A T T C T T A T C C A C C T G C A C C T A C A T T 
P2 and its truncation mutants: 
P2-Ncol N-terminal Forward: forward primer for the amplification of P2 gene with a 
Ncol restriction site and a start codon 
5， C A T G C C A T G G G C C A T G C G C T A C G T C 
P2-BamHI C-terminal Reverse: reverse primer for the amplification of P2 gene 
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with a B a m H I restriction site and a stop codon 
5' C G A G G A T C C T T A A T C A A A A A G G C C A A A T C C 
P2AC46-BamHI C-terminal Reverse: reverse primer for the amplification of 
P2 gene with the truncation of 46 amino acid residues from the C-terminal, 
including a B a m H I restriction site and a stop codon 
5' C G A G G A T C C T T A C C C A C C A G C A G G T A C A C T 
P2AC55-BamHI C-terminal Reverse: reverse primer for the amplification of 
P2 gene with the truncation of 55 amino acid residues from the C-terminal, 
including a BamHI restriction site and a stop codon 
5' C G A G G A T C C T T A G C C A A T A C C C T G G G C A A T 
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